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 The role of voids in composite failures has not been well understood or been 
characterized.  This  study  presents  the  result  of  an  investigation  aimed  at 
examining  the  mechanical  behaviour  of  unidirectional  carbon  fibre-reinforced 
polymer matrix materials as used by the wind turbine industry. The experimental 
program  investigates  the  effect  of  the  void  content,  different  manufacturing 
methods, type of loading (the three-point bending vs. the four-point bending) on 
the static strength and fatigue life under a flexural load.  
 The four ply unidirectional carbon/epoxy composites were manufactured using 
the  SPRINT  and  prepreg  manufacturing  methods.  Manufacturing  by  these 
methods  has  successfully  produced  the  composite  materials  with  varied  void 
contents and the voids are found to concentrate primarily in the area where the 
adjacent plies meet. The SPRINT materials contain voids in the range of 1.63-
2.89% while the prepreg laminates have an average void content of 3.6% for the 
debaulked laminates and 6.8% for the non-debaulked laminates. The voids in the 
SPRINT  laminate  are  small  and  they  are  distributed  inhomogeneously.  The 
majority of the voids are less than 0.04 mm
2 in size with a shape between a circle 
and an ellipse. 
  The  three  point  bending  tests  show  that  the  flexural  strength  exponentially 
decrease as much as 6.4% for the SPRINT and 6% for the prepreg for every 1% 
increase of the void content. The similar void effect for both materials may be due 
to their similar microstructures. There is a similar effect on the increase in the 
void content for the flexural strength and the flexural fatigue sensitivity for both 
the three and four point bending tests. This means that the voids do not play any 
large role in the three-point bending as compared to the four point bending. 
  The mechanism of failure is observed using the optical microscopy and the X-ray 
tomography of the polished edge and cross section of the area near the failure. The 
voids are found to interact with the cracks in both the static and fatigue failures. 
The image of the cross section near the failure area of the static test samples seem 
to  suggest  that  the  voids  coalesce  to  each  other  under  loading.  By  using  the 
acoustic emission, it can be confirmed that a major failure occurs due to the fibre 
breakage.  In  addition,  the  acoustic  emission  results  also  show  that  the  failure 
behaviour of the low and high void content specimens is significantly different. ii 
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CHAPTER 1 
 
INTRODUCTION 
 
 
 
 
The use of composite materials in the aerospace and marine industry continues to 
increase while the polymer matrix composites are becoming a common material in 
the  fabrication  of  structures.  Polymer  matrix  composites  are  used  for  large 
airframe structural components in commercial and military aircraft and also in 
space  transportation  vehicles.  Composite  structures  are  used  in  aircraft 
construction for the horizontal and vertical tail components, cabin floor structure 
and the wing centre section of the keel beam [5].  A modern combat aircraft today 
contains  high  percentages  of  advanced  composite  materials  in  critical  primary 
flight structures, e.g. Lockheed Martin F-22 Raptor, Northrop Grumman B-2 and 
McDonnell Douglas C-17 [1].  For marine applications, it is used for the hulls and 
the masts for the race yachts.  In the military ship construction, materials are used 
in the fairings, the deckhouses, the masts, the tanks, the floats and the buoys [2]. A 
Swedish  company,  Karlskrona  Shipyard  build  navy  ship  structures  from 
composites where they use a composite of vinyl ester resin in laminating a core of 
the polyvinyl chloride that contains carbon fibres [3].  The wind power industry is 
also making significant use of the composite materials for its turbines, where the 
weight and cost of the turbine makes the wind a competitive source of energy.  A 
German firm, Tacke Windtechnik also builds wind turbine blades from carbon 
fibre composites [4]. 
 
Although the most advanced manufacturing techniques are being used, defects in 
composites  are  still  inevitable.  The  complex  nature  of  the  composite  failure, 
which involves different failure modes and their interactions make it necessary to 
characterize  and  quantify  the  defects  and  research  their  effects  upon  the 
mechanical  properties.    The  research  area  of  immediate  interest  concerns  the Chapter 1 
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fatigue properties of composites.  This has been promoted by the strong growth in 
the wind power industry, which is now making a significant use of composite 
materials for building turbines.  The performance and life of a turbine is largely 
dependent upon the fatigue properties of the material. 
 
In  the  last  two  decades  most  researches  of  polymer  composites  have  been 
focussing on the estimation of their mechanical properties [1]. Recently however, 
more work has been done on the advantages and limitations of the manufacturing 
processes [2, 3] and linking them to the mechanical properties [4]. Defect studying 
in  composites  is  one  of  the  methods  to  link  the  mechanical  properties  to  the 
manufacturing processes. 
 
Voids  have  been  particularly  highlighted  as  significant  defect  that  affects  the 
mechanical properties of composite structures [5-19]. Cantwell and Morton [12] 
reviewed various types of manufacturing-induced defects in composites and they 
concluded that the voids cause major problems because they commonly occur in 
many components, particularly at the angles or the corners of the composite parts 
[12]. If a composite part has voids in excess of 1% of its volume, the performance 
of the composite part would be significantly reduced. A poorly made composite 
therefore can have only up to 5% void content [20]. The higher demands of the 
composite  parts  in  non-critical  applications  and  with  the  rising  cost  of 
manufacturing have lead to the possibility of using larger flaw sizes as acceptable 
criteria. In order to maintain the safety of components, there is a requirement for 
studies  on  how  defects  in  low  quality  composites  relate  to  the  mechanical 
properties of the composites. 
 
The  mechanical  behaviour  of  polymer  matrix  composites  is  dominated  by  the 
fibre  properties  in  the  loading  direction.  The  0
o  ply  is  the  critical  element  in 
multidirectional laminates under fatigue [74] since it is more resistant to fatigue. 
Therefore the 0
o ply is the first to be examined during identification of fatigue 
damage mechanism. The results from the 0
o plies can be used for more general 
lay-ups. 
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The main objective of this study is to measure the defect characteristics and relate 
them to the material properties. The following aims would therefore be studied: 
 
1.  to characterise voids using the image analysis 
2.  to  measure  fatigue  performance  under  the  three-and  four-point  flexural 
fatigue 
3.  to relate fatigue initiation and propagation in the presence of voids using 
the destructive and non-destructive techniques 
4.  to establish the roles of voids in initiating failure 
 
In future, it is hoped that, an acceptable level of the void content for engineering 
applications  can  be  clearly  defined.  The  objective  here  is  to  avoid  an  over 
conservative acceptance of void levels that unnecessarily reject good materials 
and also to prevent underestimation of parts with defects that could fail during 
service. 
 
In this study, two types of unidirectional carbon fibre reinforced epoxy composites 
that were manufactured by two different processes; i.e. the SPRINT
∗ laminates 
and the regular prepreg laminates, are investigated and studied. The thesis content 
is presented in the following order:  
 
Chapter 2 discusses the literature review on voids in polymer composites and the 
flexural  properties  of  polymer  composites.  Chapter  3  concentrates  on  the 
description of the tests carried out in this work. Chapter 4 shows the results of the 
void characteristic study of each laminate. Chapter 5 and 6 describe experiments 
conducted on the laminates. In Chapter 5, the focus is on the static properties of 
the laminates while Chapter 6 shows how voids affect the fatigue properties of 
laminates. The test conducted is the three-point bending test which involves the 
acoustic  emission analysis, the X-ray tomography  of failed  specimens and  the 
preloading and after loading of specimens. 
                                                
∗ SP Systems trademark Chapter 2 
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CHAPTER 2 
 
LITERATURE REVIEW 
 
 
 
 
2.1 Voids 
The failure of composite materials as a result of defects is a major concern for 
applications that need to use them. Defects such as voids, cracks, inclusions and 
areas of poor bonding can reduce the strength and the stiffness of a composite 
particularly,  during  fatigue  cycling.  The  void-strength  relationship  for  similar 
materials is found to vary from study to study [5-9, 13]. This is due to difficulties 
in determining the void content, the distribution and the interaction of the different 
reactions of the mechanism that could possibly occur due to the failure of the 
composite  material.  Thus,  there  still  are  a  lot  of  voids  aspects  in  composite 
materials that needs to be studied. 
 
It is known that among the factors that influence the strength of composites are the 
shapes, sizes and locations of the voids [5]. However, as compared to the void 
content, not many studies on void microstructure can be found in literature. Thus, 
through image analysis, this aspect i.e. the void microstructure characteristic is 
studied. From image analysis, it has proven that microcracks between a laminate, 
the matrix cracks within a laminate, the delamination and the fibre fractures are 
significant findings [21]. 
 
Various works have been undertaken on the topic of voids in composites. Some of 
the aspects that have been studied are the formation of voids, the factors affecting 
void content and the effect of voids on mechanical properties. In this chapter, 
these  aspects  will  be  reviewed  together  with  the  characteristics  of  voids, 
theoretical studies of the effects of voids on mechanical properties and the failure Chapter 2 
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mechanisms  of  laminates  containing  voids.  The  final  section  in  this  chapter 
discusses the literature review on the methods in characterising voids. 
 
2.1.1 Formation of voids 
The formation of voids may be due to: 
1.  the entrapment of air in a composite during the formulation of the resin or 
poor wetting of the filaments 
2.  the vaporization of resin components during the cure process 
3.  the absorption of  moisture during processing and storing 
4.  the  application  of  inadequate  temperature  and  pressure  while 
manufacturing 
5.  the usage of poor fabrication techniques such as tears in vacuum bags or  
the presence of  a low vacuum source  
6.  the in-service conditions which may not be conducive 
7.  the  excessive  stress  due  to  chemical  shrinkage  of  the  resin  during 
manufacturing 
8.  the flow front coalescence where the resin would flow too fast through the 
high permeability regions  and surround the low permeability regions to 
form dry spots 
 
These causes of void initiation (listed above) have been comprehensively studied 
in the following literature [5, 10, 13, 22-24]. After initiation, a void size may or 
may  not  increase  depending  on  the  manufacturing  process  parameters  which 
include the vacuum pressure, the autoclave pressure, the resin viscosity, the cure 
temperature, the textile geometry and the resin curing behaviour [8, 23,143]. The 
amount of the vacuum in a vacuum bag or in the autoclave controls the amount of 
air trapped in the pores of the fibre preformed. This residual air therefore, results 
in voids, as observed by several researchers [8, 9]. Despite a lot of advancement in 
the prediction of voids via modelling and simulations [96, 97], the void formation 
mechanisms are still not fully understood to this date [98]. 
 
The vacuum pressure is reported to have the largest effect on the void content 
[48].  Thus,  in  this  study,  varying  the  vacuum  pressure  is  one  of  the  ways  to Chapter 2 
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produce  a  range  of  void  content  in  the  laminates.  The  vacuum  pressure  can 
produce voids when the pressure applied on the liquid resin is lower than the 
opposing pressure of the air inside a laminate [42]. When the right amount of 
vacuum pressure is applied, it will consolidate the plies and thus minimize the 
void  content.  In  this  section,  the  role  of  pressure  while  manufacturing  the 
composite is discussed. 
 
The application of pressure reduces the void content in composites. This is proved 
by Loos and Springer [25] in a one-dimensional model that simulates the curing 
process of the flat-plate unidirectional AS4/3501-6 graphite/epoxy composite by 
solving the governing equation using a numerical method. One of the submodels 
describes the basic mechanism related to void formation. Experimental research 
by Tang et al [9] results in a positive agreement with the simulated prediction. 
Tang et al studied the void content of the unidirectional carbon/epoxy laminates 
cured at different pressure levels by investigating the cured laminate using image 
analysis. The measured void content reduced as the cure pressure on the laminate 
was increased (Figure 1) and compared favourably with the results from the Loos-
Springer Model [25]. Tang also observed from photomicrographs that the void 
sizes do not vary across the laminate. This is in contradiction to other studies [6, 
14, 26, 27] which show that voids in composites are non-homogenous.  
 
Oliver et al [8] produced a similar plot of the void content versus the autoclave 
pressure  (Figure  2).  They  identified  an  optimal  pressure  and  vacuum  path  to 
manufacture composite laminates which were almost free of voids without any 
pre-compaction. 
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psia  =  pressure  relative  to  vacuum;  psig  =  pressure  relative  tu  surrounding 
atmosphere 
Figure 1: Void content as a function of the cure pressure for the unidirectional 
carbon/epoxy laminates. The bars represent the experimental data. The solid line 
shows the prediction of the Loos-Springer Model [9]. 
 
 
Figure 2: The relationship between the autoclave pressure and the void content.  Chapter 2 
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The application of pressure compresses vapour bubbles, squeezes out extra resin 
and  consolidates  plies.  However,  the  void  content  can  only  be  minimised  but 
cannot be completely eliminated from the cured composites. This was established 
by Eom et al [28] in their study of the formation of voids while curing epoxy resin 
in a closed glass mould. Their study shows that there are two types of voids which 
appear at different times in the curing cycle (Figure 3). The first void appears 
early in the initial process before gelation. The formation of this void is due to the 
shrinkage of the epoxy resin. The growth of the first void stops at the gelation 
point. Voids of such nature are easily removed by applying vacuum pressure. The 
second void, which is spherical in shape, only started appearing after gelation. The 
vacuum pressure does not remove the second type of void. Eom et al proposed, in 
a later report [162] saying that a process window based on the growth of the 
second  type  of  void  indicates  that,  pressure  is  required  to  obtain  void  free 
composites. 
 
 
Figure 3: The initiation of two types of void while curing the epoxy resin [28] 
 
Kardos [135] et al studied the processing variables that are involved in formation 
of voids. It was found that the parameters that affect the final diameter of voids 
are the initial relative humidity exposure of the prepreg and the application of 
pressure during the curing cycle. The study also shows that voids dissolve as a Chapter 2 
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consequence of pressurization. Similarly, work by Boey [11] also concludes that 
application of pressure dissolves voids into the resin system. 
 
Patel and Lee [97] developed models to predict void formation and the removal of 
the  voids  in  liquid  composite  moulding.  They  also  offered  a  criterion  for  the 
movement  of  trapped  voids  based  on  the  void  sizes,  contact  angles  and  local 
pressure.  Kang  et  al  [99]  proposed  a  mathematical  model  to  describe  the 
mechanisms  of  void  formation  resulting  from  a  microscopically  non-uniform 
velocity  field  at  the  resin  front  flow-  during  injection.  The  void  size  and  the 
number of voids per unit volume can be predicted by these models. 
 
The works reviewed in this section show how essential the vacuum pressure is in 
producing good quality laminates. It is also reported by several researchers that 
voids are spherical at a low void content and cylindrical at a high void content [5, 
6, 131, and 34]. 
 
2.1.2 Effects of voids on mechanical properties 
It is generally agreed that voids have a damaging effect on the strength of the 
composite laminates. Generally a composite contains voids ranging from almost 
zero % to a typical 5% volume. For advanced composites (such as those used for 
aerospace structures), the composite is unacceptable even if the void content is 
less than 1% [13].  
 
The  mechanical  properties  that  have  been  studied  by  researchers  are  of  the 
following range of strengths and properties: the longitudinal and transverse tensile 
strength [8, 18, 138], the compressive strength [9, 128], the torsion strength [14], 
the bending strength [17], the flexural strength [2, 8, 16], the interlaminar shear 
strength [6, 9, 10, 12, 13, 15, 16], the interfacial shear strength [11], the specific 
energy absorption [3], the impact strength [30], the fracture toughness [3, 139], 
the flexural fatigue [7] and the tension-compression fatigue [19]. The presence of 
voids has shown to have an effect on the absorption of moisture and that in a long 
term will degrade the fibre/matrix interface [17].  
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Of  the  properties  mentioned,  the  interlaminar  shear  strength,  the  compressive 
strength and the fatigue strength are most affected due to their dependency on the 
matrix properties [5]. The longitudinal tensile strength is not significantly affected 
by the matrix properties, and thus, it is not significantly affected by the presence 
of voids [8, 9, 14, 16, 17, and 132]. For most other mechanical properties the 
presence of voids will reduce the strength.  
 
There are several reasons for the decrease of strength due to the presence of voids, 
including  voids  acting  as  a  break  in  fibre-matrix  adhesion  [8],  occurrence  of 
shearing  due  to  the  presence  of  voids  in  fibre/matrix  interface  and  resin  [5], 
reducing of the cross-sectional area and acting as a failure initiator [15] and a 
variation of a notched strength criterion [7]. 
 
Wisnom [15] reported the results of a study of ILSS reduction due to voids in the 
unidirectional glass/epoxy composites. The cracks were initiated by larger voids 
while samples with small distributed voids failed due to the reduction in the net 
cross section. 
In a review on bending tests, Mullin and Knoell [31] discuss the effects of flaws 
such as voids on flexural strength in specimens. The location of the maximum 
flexural stress is found in the outermost layers of the laminate and the maximum 
shear stress is at the vertical plane under the loading roll. Therefore, a single flaw 
at any of these locations could diminish the overall flexural strength and a local 
variation in the composite strength can cause a considerable scatter in the test 
results. In addition, even if there are no flaws, any variation in the fibre spacing 
could also affect the strength. 
 
Hancox [14, 32] reports that the compression strength of the 60% fibre volume 
fraction of Type 2 carbon composite decreases from 1250 MPa at 0% void content 
to 350 MPa at 25% of void content. A higher void content changes the fracture 
mode from a clean shear break to a rugged failure with a considerable amount of 
delamination. The flexural modulus are seen to decrease linearly by only 20% 
with a void content of 25%, while the flexural strength decreases linearly by 60%. 
The interlaminar shear strength decreases rapidly to 70% of its value from zero 
void content to 1% void content, but the decrease is slower later and reaches to Chapter 2 
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45% at 25% of the void content. This study shows that voids have different effects 
on different strength properties. 
 
Hancox [14, 32] also found that the value of bending or the interlaminar shear 
strength of composites containing voids depend on the location of the void, size 
and shape. He states that the theories at that period of time were based on regular 
arrays of spherical or cylindrical voids which were unsuccessful in predicting the 
experimental  data.  Thus  the  value  of  void-strength  relationship  of  a  similar 
material could be different from one study to another depending on the location of 
the void and the characteristic of the particular void in question of each study. 
 
Transverse tensile modulus and transverse tensile strength are very sensitive to 
voids, as reported by Harper et al [18] and Olivier at al [8]. Harper et al [18] who 
found that for a unidirectional AS4/3503 system, about 3.4% of voids decrease the 
transverse modulus by about 20% and has almost no effect on the longitudinal 
modulus. The voids act as local breaks in fibre-matrix adhesion and will therefore 
modify transverse tensile modulus and strength [8]. 
 
It  is  observed  that  for  each  1%  increase  of  the  void  content  there  will  be  a 
decrease  of  10%  in  the  compressive  strength  attained  [68].  In  another  study, 
Garret  [132]  found  that  compressive  strength  reduces  from  7  to  13.3%  for 
moderate void content and 10 to 30.8% for high void content specimens. 
 
Bazhenov  and  Kozey  [33]  show  that  the  shear  and  transverse  compressive 
strengths of glass/epoxy composites both decrease linearly with the square root of 
void content. They also demonstrated that a similar relation between compressive 
strength and the square root of void content upheld Hancox’s carbon/epoxy data. 
 
There is more literature on the interlaminar shear strength (ILSS) as compared to 
other properties due to its high sensitivity to void contents [6, 9, 10, 12, 13, 15, 16, 
and 34]. Judd and Wright [133] comprehensively reviewed forty seven studies on 
the effects of voids on the mechanical properties of composites. They concluded 
that  regardless  of  resin,  fibre  type  or  fibre  surface  treatment,  the  ILSS  of 
composite decreases by about 7% for each 1% increase in voids, up to about 4%, Chapter 2 
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beyond which the rate of decrease reduces. They also reported that 1% of void 
content can result in a decrease up to 3% in tension, 9% in torsional shear and 8% 
in the impact strength. They also found out that it is not easy to determine void 
content by percentages in the region of 1% because this value is at the lower end 
of the error of measurement. 
 
Bowles  and  Frimpong  [6]  attempted  to  quantify  the  effect  of  voids  on  the 
interlaminar shear strength (ILSS) of unidirectional laminates. They found a 20% 
decrease at 5% voidage for a unidirectional carbon fibre composite (AS4/PMR-
15).  However,  they  used  the  density  as  a  measure  for  void  content.  The 
relationship between ILSS and density is found to be a power equation. Ghiorse 
[13] found that every 2% increase in void content it produces approximately a 
20%  drop  in  the  ILSS  and  flexural  strength  and  a  10%  drop  in  the  flexural 
modulus. Thomason [22] reports that an increase of 1% in void content reduces 
the ILSS to between 2 to 10 MPa. 
 
The presence of voids is not always detrimental to the properties of a composite. 
In  the  impact  strength,  samples  with  more  voids  absorb  a  greater  amount  of 
specific energy than samples with fewer voids as reported by Baucom [30]. This 
may be due to the deflection of the matrix cracks by the voids. 
 
Several experimental studies highlighted in this section, show the role of void 
content in controlling the mechanical behaviour of the polymer matrix composite. 
However, studies in quantifying dependencies between void characteristics and 
the initiation and/or accumulation of damage are very few. 
 
2.1.3 Void characteristics 
Although void content is regularly measured, not many references on the effects 
of void morphology can be found in the literature on voids. However, size and 
shape of voids have been described by Stone and Clarke [131] who found that up 
to a 1.5% of void content, the voids are described to have the tendency to be 
spherical  with  a  diameter  of  5-20  µm.  These  voids  form  due  to  the  volatile 
elements  present  during  manufacturing.  Composites  that  have  a  void  content Chapter 2 
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above 1.5% contain voids that are cylindrical and are parallel to the fibre axis due 
to the trapped air between the laminates. 
 
Purslow [38], made the following classification for voids, depending on the void 
content in the unidirectional composites: 
1.   a small void content, V < 0.5% is caused by the entrapped volatiles and 
the voids appear to be circular with diameters of 10 µm 
2.  as  the  void  content  approaches  1%,  the  voids  are  more  concentrated 
between the tows and the laminate and most frequently near a misaligned 
fibre. The diameter is about one fibre diameter and the  lengths could go 
up to 100 µm 
3.  an increase in void content further increases voids of Type 2 above and are 
larger in size, when at 2% void content, the average void thickness is at a 
two-fibre in diameter while at 5% void content, the void thickness is more 
than  five-fibre  in diameter. 
 
Uhl et al [29] in their study found that voids tend to be flat and extend along the 
adjacent fibre.  A further study by Jeong [5] on void morphology of unidirectional 
laminates was performed by cutting the sample parallel and perpendicular to the 
fibre direction. For the parallel sections, the voids were revealed as delaminations 
or strip cracks extending along the neighbouring fibre directions. The voids were 
found to occur at the ply interfaces. For the perpendicular sections, the large voids 
are shown as flat and elliptical in shape. The same morphology is also reported by 
Bowles and Frimpong [6] but they added that a laminate with a low void content 
has an uneven void distribution.  
 
The  determination  of  void  content  using  SEM  by  Olivier  et  al  [8]  shows  the 
following observation: 
1.  there is no void growth in directions perpendicular to the laminate plies 
2.  large voids are formed between plies 
3.  voids cause local deformation of the immediate fibres 
4.  surface areas of the voids are in contact with the fibres. 
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The source of void formation affects the shape and the location of voids. The 
entrapment of air or moisture produces large interlaminar voids, whereas improper 
wetting  or  release  of  volatile  gases  during  curing  will  produce  smaller 
intralaminar voids [78]. 
 
The importance of studying void characteristics is demonstrated by Hamidi et al 
[20].  Shapes, sizes and spatial variations of voids in a disk-shaped, resin transfer 
mould  (RTM),  E-glass/epoxy  composite  were  analysed.  The  planar  void  and 
through-the-thickness  void  distribution  were  analysed  over  the  entire  cross 
sectional area using microscopic image analysis. The void sizes were classified 
using an equivalent diameter, Deq, as: 
 
π
A
Deq
4
=                 (1) 
 
where A is the measured area of the void. 
 
Three different size ranges are defined. Large voids are defined as Deq >100µm, 
medium size as 50µm < Deq ≤ 100µm and small voids as Deq < 50µm. It is found 
that that the large voids are observed as being cigar shaped in the planar surfaces, 
while on the through-thickness surfaces they appear as small irregular or elliptical 
voids.  The  findings  here  show  that  the  planar  view  provides  better  void 
distribution as compared to the through-the-thickness view.  
 
The ratio of the shape is classified as Rs, which is: 
max L
D
R
eq
s =                 (2) 
and  Lmax  is  the  measured  maximum  length  within  a  void.  The  ratio  shape  is 
divided into two categories which are the circular and the elliptical voids. The 
findings also show that the resulting ratio shape of the planar and the through-the-
thickness  views  must  be  combined  to  fully  assess  the  three-dimensional 
morphological shape of the voids. It can be noted that the characteristics of the 
voids are similar to the characteristics of the voids in laminates manufactured by 
autoclave [5, 6]. Hence, their  influence  on material  property  may  prove to be 
similar to voids in the autoclave manufactured laminates. Chapter 2 
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Many researchers have shown that when there is a low void content, the voids are 
spherical  while  at  a  high  void  content,  the  voids  are  larger  and  flattened  or 
cylindrical in shape [32, 130]. The larger voids are reported to have rough edges 
and in some cases also contain fibres [79]. It is also mentioned in the reviewed 
literature  that  the  distribution  of  voids  plays  a  big  role  in  determining  the 
mechanical properties of the composite materials. As more effort has been made 
on manufacturing products at a lower cost, a detailed study on the characteristics 
of voids and their relationship to mechanical properties needs to be carried out. 
 
2.1.4  Theoretical  study  of  void  effects  on  mechanical 
properties 
In  order  to  predict  the effect  of  voids  on  mechanical  properties, a  number  of 
authors  developed theoretical models [7, 29, 35, and 36]. Uhl et al [29]  have 
characterized  the  strength  reduction  rate  due  to  voids  by  using  an  empirical 
equation: 
BP e max σ σ =                 (3) 
where σmax is the strength at zero voids, P is the volume fraction of voids and B is 
an  empirical constant  that depends  on the sizes, shapes and orientation of  the 
voids. The value of B gives the characterization of the strength reduction rate of 
the  laminate  due  to  voids.  For  interlaminar  shear  strength  tests,  unidirectional 
graphite/epoxy samples show that B=-0.093. Ghiorse [13] also used Equation 3 to 
correlate the mechanical properties of (0/90)4s carbon/epoxy laminates with void 
content. B was found to be -0.101 for interlaminar shear strength, -0.077 for the 
flexural strength and 0.061 for flexural modulus. 
 
Almeida and Neto [7] used a different approach in predicting the failure strength 
of composites containing voids. Mar-Lin’s fracture criterion [24], which is used 
for  notched  laminates,  was  modified.  The  void  content  or  the  ultrasonic 
attenuation was used instead of the length of the crack. The fracture stress σf of the 
composite laminates with voids was obtained with the following equation: 
( )
m
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where H is the toughness of the laminate, α is the absorption coefficient in db/mm 
and –m is the order of stress singularity. The application of the fracture criterion 
on  several  experimental  data  sets  of  interlaminar  shear  strength  and  flexural 
strength resulting in an ideal correlation. The experimental data from this work 
shows that voids have a significant effect on the fatigue life but only a moderate 
effect on the static strength. However it should be emphasised that the Mar–Lin 
criterion is obtained by a curve fitting data. 
 
Equation  4  was  used  by  Jeong  [5]  to  compare  the  theoretical  ILSS  with  the 
experimental data. The results obtained are shown in Figure 4 and it is evident that 
the equation produced excellent correlation with the experimental data. The value 
of  m  according  to  Jeong  [5]  is  a  measure  of  the  sensitivity  of  the  void.  By 
comparing the value of m with the unidirectional and woven laminates it can be 
seen that the unidirectional laminates are more sensitive to voids. Jeong’s findings 
reveal  that  the  value  of  m  is  close  to  the  value  of  m  found  for  the  notched 
graphite/epoxy laminates  studied  by Mar and Lin [24].  This confirms that  the 
shear fracture can initiate at a crack-like void lying in the matrix of a fibre-matrix 
interface.  
 
 
Figure 4: The experimental and theoretical shear failure stresses as a function of 
the void content [5] 
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Wu et al [36] used a model, based upon a homogenization procedure where the 
composite is considered as a three phase model consisting of fibre, matrix and 
voids. Two of the phases were first homogenized and then treated as an equivalent 
matrix to be homogenized in the third phase. The results obtained explain the role 
of small voids in degrading the effectiveness of resin as a binder of fibres. 
 
Madsen and Lilholt [35] propose model to be used to predict the tensile properties 
of the unidirectional plant fibre composites with the presence of voids. The model 
is based on the rule of mixtures supplemented with parameters of void content. 
The model predicts the longitudinal (E1) and transverse stiffness (E2) with the 
following equations: 
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where V is the volume fraction and the subscript f, m and p represent the fibre, the 
matrix and the voids respectively. fa is the ratio between the transverse and axial 
properties to account for the isotropic properties of the composite. The model has 
improved  the  prediction  of  the  axial  properties,  but  failed  to  fully  predict  the 
transverse properties. This indicates that supplementing composite voids and fibre 
anisotropy  on  the  rule  of  mixtures  cannot  explain  the  effects  of  voids  on 
transverse properties. 
 
Huang and Talreja [70] performed a finite element analysis on a representative 
volume cell based on reported physical characteristics of voids in their literature. 
Their void model displaces fibres in the unidirectional composites as shown in 
Figure  5.  The  effective  elastic  constants  determined  by  FEA  confirm  several 
observations in the experimental reports that say that, different shapes of voids 
have different effects on the mechanical properties. A flat void for example has no 
effect  on  the  in-plane  moduli  but  has  an  adverse  effect  on  the  out-of-plane 
stiffness while long voids reduce the out-of-plane shear modulus but do not reduce 
them for the in-plane properties. Chapter 2 
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Figure 5:  Models of voids in a unidirectional polymer composite [70] 
 
The survey on literature reviews available show that, not many papers have been 
published  in  the  area  of  theoretical  studies  of  void  effects  on  mechanical 
properties.    This  is  due  to  the lack  of  experimental  data  on  sizes,  shapes  and 
location of voids, which has to be used in the models [70].  
 
2.1.5 Failure mechanism of laminates containing voids 
Not many studies have been directed on the effect of voids on failure mechanisms. 
Work by Wisnom et al [15] and Jeong [5] (for unidirectional laminates) and Costa 
et al [10] (for woven fabric) on the influence of voids on the interlaminar shear 
strength shows that cracks initiate from voids and propagate longitudinally at the 
interface of the fibre or the matrix. An example of this is shown in Figure 6. In 
fatigue, voids are described as heat accumulation zones that will soften the resin 
matrix [19].  The SEM study of the fractured surfaces of CFRP fatigue specimens 
by Prakash [19] shows cracks initiating from voids due to the softening of the 
matrix. The formation of delaminations has also been attributed to voids. This 
happens when small voids at the interface coalesce to create these delaminations 
[72]. 
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Figure 6: Micrograph of carbon/epoxy laminate showing a crack initiating from a 
void [10]. 
 
Varna et al [34] studied the effects of voids on the transverse static tensile loading 
failure of mainly unidirectional glass-fibre/vinylester laminates. 5% of the fibres 
were  aligned  perpendicularly  to  the  major  fibre  direction  and  the  failure 
mechanism was studied using the acoustic emission and the optical microscopy. It 
was found that the low void content specimens have the highest strength but show 
a brittle behaviour with a low strain of failure, whereas the high void content 
laminates surprisingly show a large strain of failure. The reason for this result is 
explained by the difference in the formation of cracks in the laminates.  
 
For laminates with a low void content, large transverse cracks were observed all 
the way through the laminate thickness and smaller cracks were also seen through 
some  parts  of  the  laminate.  The  schematic  of  the  crack  propagation  with  an 
increased load in the high void content is shown in Figure 7. Figure 7(a) shows the 
microstructure before loading. The first feature to form is small cracks between 
the cylindrical voids that are of small diameters (Figure 7(b)). By raising the load, 
the cracks form a path to a larger spherical void (Figure 7(c)). Just before the final 
failure  the  cracks  appear  as  a  jagged  path  throughout  the  thickness  of  the 
specimen (Figure 7(d)). The differences in the geometry of cracks between the 
high and low void content laminates are shown in Figure 8. The high void content 
laminate  has  cracks  that  are  displaced  between  one  another.  Therefore,  the 
transverse layer is able to recover some of the stress at the position where the next 
small crack starts. Due to the jagged path of the cracks, the stress concentration in 
the laminate is considered as less severe. From this study, it can be recognized that Chapter 2 
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the presence of voids is not always damaging as they can increase the failure 
tensile strain of the composites.  
 
 
 
 
 
 
Figure 7: (a) The schematic of the microstructure in a cross-section of a laminate 
before  the  mechanical  loading;  (b-d)  show  the  evolution  of  damage  in  the 
increasing levels of strain [34]. 
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Figure 8: (a) The schematic of cracks in a low void content specimen. (b) The 
schematic of cracks in a high void content specimen [34]. 
 
From the literature reviewed so far, it can be seen that, studying void effects on 
the mechanical behaviour of composites is not a simple task. In addition to the 
void content, void location also has to be considered in analyzing the laminate 
mechanical behaviour. Due to the randomness of voids in composites, the voids at 
times may be positioned in such a way that they cause premature failure on the 
specimens to be tested. Due to this fact, laminates with a similar void content may 
show a different mechanical behaviour [8, 14]. The void content and size will 
determine  the  extent  of  decrease  in  properties  as  compared  to  the  void  free 
composites.  In  addition,  the  distribution  of  voids  can  be  expected  to  have  a 
significant effect on the performance, as properties will be decreased locally in the 
region of a higher void content. While explanation on the effects of voids on the 
strength have produced excellent matches to the experimental data, there is still 
however  a  requirement  for  the  improved  knowledge  on  the  mechanisms 
influencing failure. Taking all these points into consideration, it is possible to 
Cracks 
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conclude  that  there  is  a  need  to  study  the  effects  of  voids  on  mechanical 
properties. 
 
2.1.6 Characterisation of voids  
Many  techniques  have  been  used for  the characterisation  of  voids  in polymer 
matrix composites [5, 13, and 38]. These can be divided into the destructive and 
the non-destructive techniques. Two common types of destructive techniques are 
the  density  measurements  and  the  optical  image  analysis  [13].  Density 
measurements can be done using firstly  the water buoyancy technique (ASTM D 
792),  secondly  the  density  gradient  technique  and  finally  the  matrix  digestion 
(ASTM D 3171). The image analysis is performed on the cross-sectional, polished 
specimens  by  using  an  optical  microscope  interfaced  with  a  computer-based 
system to measure the void content. 
 
2.1.6.1 Image Analysis 
The  image  analysis  of  polymer  matrix  composite  is  done  mainly  through  an 
optical and scanning electron microscopy. For the optical microscopy, the image 
analysis  is  performed  on  polished  specimens  using  the  optical  microscope 
interfaced  with  a  computer-based  system  to  measure  the  void  content.  The 
computerised  image  processing  of  the  microscopic  images  offers  quantitative 
information  of  the  void  content,  size,  geometry,  location  and  texture  in  a 
composite.  Researchers  who  have  successfully  used  the  optical  microscopy 
technique to examine void formation and/or the effects of voids on the mechanical 
properties include Ghiorse [13], Wisnom et al [15],  Tang  et  al [9], Shim and 
Seferis [23], Bowles and Frimpong [6], Lee and Wei [39], Kim and Ebert [40], 
Richards-Frandsen and Naerheim [41], Kim and White [42], Eom et al [28], Long 
et  al  [27]  and  Jinlian  et  al  [43].    Studies  by  these  researchers  show  that  the 
microscopy image analysis plays an integral part on the void analysis studies. 
Prior to the use of computers for the image analysis, the point counting method 
was  used.  In  this  method,  a  grid  was  placed  over  the  specimen  and  the  void 
fraction was calculated by dividing the number of voids that intersected the grid 
with the total number of points in the grid. In using this method, Judd and Wright Chapter 2 
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[133] suggested that the accuracy of this method was about ±0.50% and proved to 
be as accurate as the matrix digestion and the density measurements. 
 
The disadvantage of the optical microscopy for void content determination is that 
it is a destructive method. This is unaffordable in a manufacturing setting where 
good quality materials are expensive. The analysis also depends on the assessment 
of the investigator to differentiate the voids from the fibres. However, this can be 
overcome  by an  experienced operator.  Another disadvantage is  that the image 
analysis procedure needs a lengthy and tedious preparation which produces only a 
two-dimensional  and  a  cross-sectional  observation  of  the  voids.  Despite  these 
disadvantages, the image analysis as a research tool is convenient and has been 
demonstrated  by  previous  researchers  to  be  the  most  accurate  method  for 
determining void content. 
 
O’Brien et al [73] studied the transverse tension fatigue failure of a 90-degree 
unidirectional carbon epoxy tested in a three-and four-point cyclic bending. The 
details  of the failure location  were identified  by examining the failed samples 
under the optical microscope. Varna et al [7] performed the optical microscopy 
observations  on  glass/vinyl-ester  fabrics  which  were  subjected  to  the  stepwise 
tensile loading. Observation was carried out after each loading step. The analyses 
from the image provided reasons for the failure of the process and the void content 
of the composite. As discussed in section 2.1.5, it has been proved that there is a 
difference in the crack propagation of low and high void content specimens. 
 
The microscopic examination is also used to study the morphology of voids and 
the effect of the void morphology on the strength of composites. For example 
Jeong [5] used the optical microscopy to study the geometry and to locate voids in 
unidirectional and woven carbon/epoxy laminates. He found that the shape and 
location  of  the  voids  in  the  woven  laminates  differed  from  those  in  the 
unidirectional laminates. 
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2.1.6.2 Density measurements 
For a detailed description of the density method for void measurement, the reader 
is directed to refer to Ghiorse [13]. In the method used, the void content was 
measured from the difference between the theoretical composite density and the 
measured composite density. To measure the composite density, there are two 
possible test methods that can be  employed i.e. the first can be carried out using 
the displacement method (ASTM D 792) and second test by the density-gradient 
technique (ASTM D 1505). 
 
In the displacement method, the specific gravity of the composite is calculated 
from the weight difference of the sample in air and water or in other liquids. For 
the density-gradient technique, the density of the sample is obtained by observing 
the level of the liquid column in which the test specimen sinks and then compare 
it with the standards of a known density.  
 
The fibre weight of the specimen is determined by the matrix digestion (ASTM D 
3171). This method involves the dissolving of the resin of a composite in a hot 
digestion medium. Three mediums can be used and these are: the concentrated 
nitric acid, a mixture of sulphuric acid and hydrogen peroxide or a mixture of 
ethylene glycol and potassium hydroxide. Once the density and fibre weight of the 
composite  are  known,  the  theoretical  density  (  ρt  )  of  the  composite,  is  then 
calculated with  the following relation: 
 
( ) ( ) m m f f f
c
t W W K
W
ρ ρ
ρ
/ / +
=           (7) 
where  Wc is the composite weight 
  Kf  is  the  correction  factor  obtained  by  applying  the  matrix  digestion 
method on the bare fibre 
  Wf is the fibre weight 
  ρf is the fibre density 
  Wm is the matrix weight 
  ρm is the matrix density 
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The fibre and matrix densities can be obtained from the manufacturer. The volume 
fraction of void, vv is obtained from: 
t
e
v v
ρ
ρ
− =1                 (8) 
where ρe is the experimentally measured density of the composite. 
 
Ghiorse [13] found that the density measurement methods produced a few results 
that were negative in value. Thomason [22] clarified that to obtain accurate results 
the density of the fibres should not be only obtained from a manufacturer but one 
has to also measure the density. The matrix digestion result for a void content of 
less than 1% [6] was also found to be not accurate. The image analysis results, 
however,  always  gives  a  higher  void  content  as  compared  to  the  density 
measurement technique. Based on  these  results,  it  is believed that,  the  optical 
image analysis is the better destructive technique in measuring void content as it is 
more accurate and conveniently conducted. [68]. 
 
2.1.6.3 Non-destructive evaluation 
Techniques for the non-destructive evaluation of damage have also been applied 
in the characterisation of the voids in polymer matrix composites. Although most 
research  has  used  the  ultrasonic, [5,  7,  14,  17,  29,  44],  the  lamb  waves [45], 
thermography  [46,  47],  but  other  more  novel  techniques  such  as  the  optical 
coherence tomography [48]; the combination of thermography and the  phase-
shifting  shearing  speckle;  [47]  and  the  nuclear  magnetic  resonance  (NMR) 
imaging [49] have also been employed. Some of the studies that used the non-
destructive techniques also used optical image analysis to confirm the results of 
the non-destructive techniques [6, 10, 39, and 44]. This establishes that, optical 
image analysis is indispensable in studying the void content in polymer matrix 
composites. Recently, X-ray tomography has been used to characterise the voids 
in composites. The advantages and disadvantages of the non-destructive technique 
as well as the optical microscopy are shown in Table 1.  
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Table 1: Advantages and disadvantages of the different void analysis techniques 
Methods  Advantage  Disadvantage 
Optical microscopy  - most accurate  - laborious preparation is 
required 
Ultrasonics   - suitable for 
delamination- type 
fracture 
- can effectively image 
voids and damage in 
carbon-fibre-reinforced 
composites 
 
- taking measurements are 
difficult due to the constraints 
of the coupling medium 
between the transducer and 
the composite 
- knowledge on the void 
morphology is needed in 
estimating  the void content 
- calibration is needed from 
samples with known void 
content 
- usage of water tank may 
limit certain structural 
components 
- water may enter damaged 
zones 
Infrared 
Thermography 
- capacity to examine 
large areas without the 
raster type scanning 
- suitable for fatigue-
loaded structures due 
to the heat generated 
during the cycle 
- difficulties in the analysis of 
the thermal transfer 
- effectiveness depends on the 
thermal conductivity of the 
inspected materials 
Nuclear magnetic 
resonance 
- this technique is not 
restricted to flat sheets 
- for epoxy composites, the 
samples are filled with liquid 
and the relaxation levels of 
the liquid are observed 
X-ray tomography  - 2D analysis can 
easily be carried out 
- positions of cross 
sections are well 
known 
- it doesn’t need 
extensive sample 
preparation 
- in-situ experiments or 
interrupted in-situ 
experiments are 
possible 
- high capital cost 
- requires 360
o access 
- reconstruction artefacts 
- health and safety 
considerations have to be 
made for using the X-ray 
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Ultrasonics 
The ultrasonics is one of the most frequently used methods for the non-destructive 
detection of the fatigue damage in composite structures. It is also an important 
instrument  used  in  the  study  of  the  fatigue  damage  mechanism.  In  damage 
detection, manufacturing defects such as voids have different acoustic impedance 
values from the laminate such that it scatters the travelling waves, resulting in 
attenuation. Ultrasonics has also been used in studies to evaluate other mechanical 
properties of composites such as the flexural strength [7, 43], the interlaminar 
shear strength [5, 7,  and 24] and the fatigue life [7]. 
 
Almeida and Neto [7] measured the percentage of voids in a composite in terms of 
the ultrasonic attenuation. The ultrasonic attenuation depends on the thickness of 
the plate and the absorption coefficient, α. α depends on the inner state of the 
composite, mainly on the void content. Figure 9 shows the relationship between 
the void content against the ultrasound coefficient of absorption. It can be seen 
here that there is a linear relationship between the void content and the ultrasound 
absorption  coefficient.  Using  a  modified  Mar-Lin  criterion  [24],  Almeida  and 
Neto  have  successfully  correlated  the  absorption  coefficient  with  the  flexural 
strength  and  the  interlaminar  shear  strength  as  shown  in  Figures  10  and  11 
respectively. The relationship between N/No and the absorption coefficient, α, is 
shown  in  Figure  12.  The  ratio  N/No  is  used  to  quantify  the  loss  in  the  life 
expectancy due to the existence of voids. The figure shows that there is a critical 
value for the void content that produces a significant loss of the fatigue life for the 
composite. 
 
 Figure 9: Void content as a function of the 
 
Figure 10: The interlaminar shear strength of the carbon/epoxy laminates as a 
function of the absorption coefficient 
Chapter 
 
Figure 9: Void content as a function of the ultrasound absorption coefficient 
 
Figure 10: The interlaminar shear strength of the carbon/epoxy laminates as a 
function of the absorption coefficient α [7] 
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absorption coefficient α [7] 
Figure 10: The interlaminar shear strength of the carbon/epoxy laminates as a Figure 11: The flexural strengt
coefficient α [7] 
 
Figure 12: The loss in the expected fatigue life as a function of the absorption 
coefficient α [7] 
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Figure 11: The flexural strength of carbon/epoxy as a function of the absorption 
in the expected fatigue life as a function of the absorption 
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h of carbon/epoxy as a function of the absorption 
 
in the expected fatigue life as a function of the absorption Chapter 2 
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Jeong [5] measured the ultrasonic attenuation as a function of the frequency. He 
found that the attenuation slope increases with the void content. Jeong’s results 
indicate  that  the  void  content  can  be  estimated  from  the  measurement  of  the 
attenuation slope. However, for this measurement to be successful, the shape of 
the void has to be first known.  
 
Shim et al [142] investigated the void formation in an autoclave lay-up using 
ultrasonic  scan.  The  void distribution results from the ultrasonic scan analysis 
were found to be consistent with the results of the density measurements. The 
ultrasonic scan was also used by Lee and Wei [39] to study voids in glass/epoxy 
composites produced by RTM. 
 
The work of researchers using ultrasonics shows that the ultrasonics can be used 
to measure the void content and compare it to the void morphology in a laminate. 
Ultrasonics has also been demonstrated as indicators for the mechanical strength. 
However there are several disadvantages of the ultrasonics as compared to the 
image analysis in evaluating the characteristics of voids. These are as follows: 
1.  the main problem of ultrasonics is that the measurement results have to be 
calibrated  with  a  reference  material  of  a  known  void  content  or 
morphology and by using other methods such as the image analysis or 
density measurements. In the absence of the reference materials, only the 
relative quantity will be seen. 
2.  the use of different frequencies in the ultrasonic measurements, results in 
different values of attenuation and therefore, only results obtained from 
similar frequencies can be directly compared  
3.  there is a problem of the background attenuation due to the scattering of 
fibres and the absorption of the matrix which may change the estimation of 
the void content especially in laminates containing a low void content and 
the background attenuation can only be eliminated if a void-free material 
can be made 
4.  the sensitivity of the ultrasonics to the porosity size changes i.e. sensitivity 
decreases as the thickness of the part increases 
5.  the voids are not always distinguished from the rich resin zones  Chapter 2 
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6.  the distribution of voids in the bulk of the materials may pose a problem of 
contrast degradation and shadowing [47]  
7.  a coupling medium between the transducer and the composite is required, 
for example, water has to be squirted on the composite or the specimen has 
to be immersed in water to reduce losses and therefore care has to be taken 
because the water may contaminate the zone that is being inspected  
8.  the ability of the ultrasonics to distinguish between varying levels of  void 
content diminishing  as the void content lessens [50]  
9.  ultrasonics cannot detect voids with diameters of less than 1 µm. 
 
To summarise, the destructive technique of image analysis is chosen to be used in 
this study as it is more convenient and accurate although ultrasonics provides the 
advantage of measuring the void content non-destructively.  
 
X-ray tomography 
X-ray tomography is a non-destructive technique for obtaining the images of the 
internal  microstructure  of  materials.  It  has  been  and  still  is  widely  used  for 
biomedical purposes. The field was pioneered by Feldkamp et al. [52]. It is also 
used for the 3D characterization of paper, board and felt, and polymeric fabrics in 
paper  manufacturing.  Cracks  and  defects  have  been  routinely  detected  in 
helicopter motor blades which were produced by Eurocopter Deutschland (ECD) 
by using the X-ray Computed Tomography (CT) systems since 1979 [53]. The 
traditional  ways  of  studying  internal  structures  have  been  by  sectioning  off 
materials or by indirect signal analysis, which were for example, by ultrasonic 
scanning  and  acoustic  emission.  The  sectioning  of  materials  could  introduce 
artefacts and would be unclear in describing the failure mechanisms. The results 
of the ultrasonic scanning and the acoustic emission do not clearly show the type 
of  damage  that  occurs  and  in  addition  the  resolution  of  the  microstructure  is 
relatively coarse. Therefore, in the studies of fatigue and fracture of materials, the 
X-ray tomography is of considerable value in monitoring and in understanding the 
micromechanical aspects of the crack initiation and growth. 2D images from the 
X-ray tomography can be treated in the same way as the images obtained by the 
optical microscopy. Chapter 2 
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Studying voids using X-ray tomography will produce better results since polishing 
the  specimens  may  create artificial  voids  or  may  also  eliminate  voids.  In  this 
situation,  X-ray  tomography  method  is  an  interesting  investigation  to  be 
conducted. 
 
Most micro-computed tomography (micro-CT) studies in the reviewed literature 
have been carried out at the synchrotron radiation laboratories. The synchrotron 
radiation  uses  a  high  intensity  X-ray  source  which  produces  images  with  a 
resolution down to 1 µm. However, the measurements are largely dependent on 
scientists  with  the  expertise  in  the  X-ray  techniques  and  instrumentation.  The 
recent appearance of the commercial micro-CT systems makes microtomography 
more accessible for laboratory testing. The resolution of commercial micro-CT 
systems is limited to about 10 µm. The experiments in this study are carried out 
by  using  the  commercial  microtomography  machine.  This  resolution  is  good 
enough for this study as it is able to show the general characteristics of before and 
after loading of the specimens. 
 
For polymer composite materials, Symons [54] has successfully used the X-ray 
tomography for the characterization of the damage resulting from the impact and 
the indentation tests of T300/914 CFRP samples. The use of X-ray tomography 
allows a user to see how the damage impact develops with   increasing energy 
impact. However carbon fibres cannot be resolved in their image due to similar 
attenuation of the carbon fibres and the epoxy resin. Derby and Wilkinson [55] 
have  also  conducted  X-ray  tomography  on  the impacted  CFRP  specimens  but 
however, the resolution was found to be down to only 30 µm. 
 
Schilling  et  al  [56]  achieved  a  good  image  by  using  a  commercial  micro-CT 
system that showed the voids in a very small specimen (1.6 mm wide by 0.5 mm 
high). The damaged mechanisms such as the matrix crack and the delamination in 
reinforced  glass  fibre  epoxy  have  been  successfully  studied.  The  cracks  were 
detected  with  a  crack  opening  displacement  of  ~5-10  µm  without  any  dye 
penetration. However, it is established that the smaller cracks (~0.5-1 µm) need 
the dye penetrates as contrasting agents. 
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Eberhardt  and  Clarke  [57]  used  X-ray  microtomography  to  non-destructively 
probe the internal structures of several fibrous materials (glass-fibre-reinforced 
composites and non-woven textile samples) in the 3D imaging. They have been 
able  to  perform  the  characterization  of  through  the  thickness  variation  of  the 
orientation of the fibre.  
 
It  can  be  concluded  that  the  work  done  by  these  researchers  show  that  the 
commercial micro-CT systems are able to detect micro cracks and small voids but 
with some limitations. Carbon/epoxy composites with carbon fibres are difficult to 
be differentiated from the surrounding epoxy matrix. 
 
Theory 
 
 
Figure 13: The principle of the X-ray Computed Tomography (CT) [58] 
 
In the X-ray tomography, an X-ray source scans the object that is placed between 
the source and the detector (Figure 13). The resulting transmissions of the X-rays 
are  recorded  on  the  detector  that  measures  the  different  intensities  of  the 
attenuated  X-rays.  The  intensities  vary  due  to  the  different  X-ray  absorption, 
which depends on the density of the material, its atomic number and the X-ray 
beam energy. The sample can be moved between the detector and the source to 
adjust the resolution. The nearer the specimen to the detector, the better is the 
resolution. The specimen is also rotated for a fixed rotation step.  
 
X-ray 
source 
rotation 
specimen 
detector Chapter 2 
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A 3D representation of an object is obtained by stacking the CT slices of the 
object in many parallel planes inside the object using a reconstruction algorithm.  
Every grey level of each voxel (3D volume element) is correlated to the X-ray 
attenuation of the material. Figure 14 shows the machine used in this study, which 
is the Benchtop CT 160Xi (X-Tek Systems Limited, Hertfordshire, UK) 
 
 
Figure  14:  The  X-TEK  Benchtop  X-ray  tomography  apparatus:  1.  Personal 
computer, 2. X-ray machine containing X-ray gun, CT chamber, vacuum pumps 
and detector, 3. CT chamber with a sample inside (the larger image shows the 
interior of the CT chamber). 4. X-ray gun and   5. The composite sample in the 
sample holder 
 
2.2 Acoustic emission 
Acoustic  emission  (AE)  has  been  established  as  a  technique  to  study  damage 
development and structural integrity of composite materials [60-67, 97]. A low-
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amplitude  AE  signal  is  commonly  attributed  to  the  cracking  of  the  matrix, 
whereas the higher acoustic emission rate is due to the splitting of the fibre-matrix 
and the delamination [60, 61]. The mechanical properties that have been studied 
using the AE include the static tensile [64], the static three-point bending [65], the 
static four-point bending [66], the tensile fatigue [97] and the three-point bending 
fatigue tests [67]. 
 
In AE studies, the conventional systems use resonant piezoelectric transducers to 
sense the waves and the AE analyzer circuitry detects the AE parameters, for 
example, the AE counts, the peak amplitude, the rise time, the decay time, the 
event energy and the event [63]. A typical signal is shown in Figure 15. The AE 
studies  that  utilize  these  parameters  are  termed  as  the  parameter-based  AE 
techniques. A more modern analysis which needs powerful computational analysis 
is known as the transient analysis, which will not be discussed here. 
 
 
Figure 15: A typical acoustic emission signal [63] 
 
The increasing computer speed and an extended memory capacity give rise to the 
use of broadband transducers which have the advantage of capturing more details 
and reduce the signal distortions. As a result, more sophisticated signal processing methods are being used and these enable analyzin
the peak frequency and the spectral moments, etc [63].
 
There are a few published papers that utilise acoustic emission in conjunction with 
the flexural test. All the referred research discussed as follows use the paramete
based AE techniques. 
 
Carlsson  and  Norrbom  [64]  examined  the  acoustic  emission  technique  to 
understand the basic failure mechanisms in graphite/epoxy composite laminates. 
The AE signals were examined during the uniaxial loading of symmetrical eight
ply laminates with various stacking sequences. The first
an initial increase in the AE peak value and a corresponding rapid rise in the 
weighted cumulative count. The delamination failure was considered as the high 
AE peak value and a clear rise in the slope of the weighted cumulative count 
(Figure 16 and 17). 
 
Figure 16: The peak value of AE bursts as a function of the axial stress
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methods are being used and these enable analyzing the additional parameters, like 
the peak frequency and the spectral moments, etc [63]. 
There are a few published papers that utilise acoustic emission in conjunction with 
the flexural test. All the referred research discussed as follows use the paramete
Carlsson  and  Norrbom  [64]  examined  the  acoustic  emission  technique  to 
understand the basic failure mechanisms in graphite/epoxy composite laminates. 
The AE signals were examined during the uniaxial loading of symmetrical eight
aminates with various stacking sequences. The first-ply failure was noted as 
an initial increase in the AE peak value and a corresponding rapid rise in the 
weighted cumulative count. The delamination failure was considered as the high 
lear rise in the slope of the weighted cumulative count 
 
Figure 16: The peak value of AE bursts as a function of the axial stress 
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the flexural test. All the referred research discussed as follows use the parameter-
Carlsson  and  Norrbom  [64]  examined  the  acoustic  emission  technique  to 
understand the basic failure mechanisms in graphite/epoxy composite laminates. 
The AE signals were examined during the uniaxial loading of symmetrical eight-
ply failure was noted as 
an initial increase in the AE peak value and a corresponding rapid rise in the 
weighted cumulative count. The delamination failure was considered as the high 
lear rise in the slope of the weighted cumulative count Figure 17: The weighted cumulative AE count as a function of the axial stress
 
Sato et al [97] investigated the fracture mechanism of unidirectional carbon fibre 
reinforced epoxy composites loaded in a three
the acoustic emission was carried out as shown in Figure 18. The results indicate 
that  although  the  initial  load
internal failure began to only take place gradually at a comparatively low load and 
propagating rapidly at nearing the maximum load (Figure 19).
Figure 18: The three-point bending test and the AE monitorin
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Figure 17: The weighted cumulative AE count as a function of the axial stress
tigated the fracture mechanism of unidirectional carbon fibre 
reinforced epoxy composites loaded in a three-point bending test. Monitoring of 
the acoustic emission was carried out as shown in Figure 18. The results indicate 
that although  the  initial  load-deflection  curve  showed  linear  elastic  behaviour, 
internal failure began to only take place gradually at a comparatively low load and 
propagating rapidly at nearing the maximum load (Figure 19). 
 
point bending test and the AE monitoring apparatus.
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Figure 17: The weighted cumulative AE count as a function of the axial stress 
tigated the fracture mechanism of unidirectional carbon fibre 
point bending test. Monitoring of 
the acoustic emission was carried out as shown in Figure 18. The results indicate 
eflection  curve  showed  linear  elastic  behaviour, 
internal failure began to only take place gradually at a comparatively low load and 
g apparatus. Figure 19: The load- deflection curve and the cumulative AE event count
 
Arola  and  Williams  [65]  performed  four
graphite/bismaleimide  composites.    They  found  that  the  acoustic  emission 
comprised of matrix cracking and
Figure 20 and the acoustic  emission  data shows the load for  the  onset of  the 
matrix cracking and fibre fracture.
 
Figure 20: The acoustic emission results showing the onset of the matrix cracking 
and fibre fracture 
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deflection curve and the cumulative AE event count
Arola  and  Williams  [65]  performed  four-point  flexural  tests  on 
graphite/bismaleimide  composites.    They  found  that  the  acoustic  emission 
comprised of matrix cracking and also fibre fracture. The results are shown in 
Figure  20 and  the  acoustic emission data shows  the load for  the  onset of the 
matrix cracking and fibre fracture. 
Figure 20: The acoustic emission results showing the onset of the matrix cracking 
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graphite/bismaleimide  composites.    They  found  that  the  acoustic  emission 
also fibre fracture. The results are shown in 
Figure 20 and  the  acoustic emission data shows the load for the onset of the 
 
Figure 20: The acoustic emission results showing the onset of the matrix cracking Chapter 2 
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The detection of the acoustic emission was used by Fuwa et al [66] to study the 
damage  occurring  in  unidirectional  CFRP  during  tensile  cyclic  loading.  The 
results imply that the mechanism of the tensile fatigue failure is similar to the 
failure of the static tensile failure. 
 
Edwards [67] studied interlaminar shear failure of short beam CFRP specimens 
using  three-point  bending  fatigue  tests.  The  initial  failure  was  successfully 
detected by the acoustic emission (Figure 21) and was confirmed by the ultrasonic 
C-scan and the image analysis of the dissected specimens. 
 
 
Figure 21: The three-point bending fatigue test results showing a burst of emission 
that was not accompanied by any change in the load or deflection. 
 
Most  of  the  research  work  discussed  above  shows  that  the  AE  technique  is 
capable of providing useful information on the damage development under the 
static and cyclic loading. The use of the AE in the three-point bending fatigue test 
can further add  to  the  information  of  the  damage  accumulation  monitoring  in 
composite materials and lead to the knowledge of the microscopic damaged state 
of composite materials. 
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2.3 Flexural strength 
2.3.1 The three-point bending test 
The flexural strength of a material, as established by ASTM Standards D790 [80], 
is a basic factor in the design of reinforced plastic structures. The flexural test is 
based on the loading configuration shown in Figure 22 for three-point bending test 
and Figure 23 for four-point bending test. This test is much cheaper, simpler and 
quicker to perform because the samples are smaller, the set up time for the test is 
much less and the results are much easier to study. In the aerospace industry, 
flexure testing is essential as a quality control method [72, 74]. The shear force 
and the bending moment diagrams for the three-and four-point bending tests are 
shown in Figures 22 and 23 respectively. The variations across the beam thickness 
of the normal  stress and shear  stress  for the three and four-point  bending  are 
shown in Figure 24.  
 
According  to  the  classical  beam  theory,  three  types  of  stresses  occur  in  the 
flexural loading. A normal stress varies linearly from the maximum compression 
on one surface to an equal tensile value on the other surface and is nil (zero) at the 
mid plane while the interlaminar shear stress is at the maximum level in the centre 
of the loaded beam [81]. The failure mode on a test specimen depends on the 
strength that will be exceeded first. The maximum tensile or compressive stress, 
σmax for the three-point bending could be determined from the relation [80]: 
2 max 2
3
bd
PL
= σ                 (9) 
where P is the load, L is the span length, b is the width and d is the thickness. The 
maximum shear stress, for the three and four-point bending test,τmax, is obtained 
from: 
 
bd
P
4
3
max = τ                 (10) 
 
The failure of a beam subjected to a three-point loading depends on the span-to-
thickness ratio, L/d. For a lower L/d, the shear is the main stress that leads to 
failure. For large L/d, tensile or compressive stresses are the causes of failure. The Chapter 2 
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minimum L/d ratio for the flexural testing recommended by ASTM D790 [80] is 
16.  
 
Tensile failure is suggested to result from fibre breaks and debonding [82] while 
compressive failure is associated with fibre microbuckling [83] or kinking [92-
94].  Microbuckling  is  a  deformation  in  which  the  fibres  act  individually  as 
columns  inside  the  matrix  materials.  Kinking  refers  to  the  localized  shear 
deformation in the matrix accompanied by fibre fracture [77]. Kinking is often 
believed to be the final irreversible stage of microbuckling where large bending 
stresses in the microbuckled fibre have led to the breakage of fibre [95].  
 
 
Figure 22: The shear force and bending moment of a three-point bending test 
P 
L 
F = P/2 
F = P/2 
M=PL/4 
The shear force diagram 
The bending moment diagram Chapter 2 
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Figure 23: The shear force and bending moment of four-point bending test       
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The shear force diagram 
The bending moment diagram 
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Normal stress 
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Figure 24: The variations across the beam thickness of the normal stress and shear 
stress for the three and four-point bending tests. 
 
Another factor that may affect the failure mode in the bending test is the fibre 
fraction. Increasing the fibre fraction is reported to alter the failure mode of the 
Kevlar-epoxy composite from flexure to shear [96]. However, there are no reports 
found in the literature reviewed on the effects of the fibre fraction on the failure 
modes of the carbon-epoxy composites. 
 
Research has  shown that  the  value of  the  bending  strength  is  greater  than  the 
tensile  strength  in  the  polymeric  composite  materials. Wisnom  reported  in  his 
review  that  the  ratios  between  the  three-point  flexural  strength and  the  tensile 
strength of different composite materials are in the range of 1.3-1.49 [90]. 
 
The  three-point  bending  has  been  used  to  study  the  fracture  process  in  the 
unidirectional composites. Some of the studies discussed are as follows. Parry and 
Wronski [78] studied failure modes of pultruded carbon/epoxy composites tested 
under  three  and  four-point  bending  tests.  The  failure  mechanisms  seen  to  be 
occurring are the initiation of kinking by compression beneath the loading rollers, 
and  then  extending  towards  the  centre  of  the  specimen,  leading  either  to 
delamination or combining with the tensile failure. Parry and Wronski report that 
the kink bands lie at an angle of 30
0 from the specimen surface (Figure 25). 
 
τ  σt 
b 
d 
Shear stress 
σc 
Cross section Figure 25: The kink bands observed in a failed carbon/epoxy composite under the 
three-point bending tests [78]
 
In-situ  observation  of  the  failure  p
composites under three-point bending load was conducted by Sato et al [97]. The 
three-point bending test was performed in the SEM apparatus. The failure process 
is shown in Figure 26 (a-c). The stages of failure are as
1.  the breakage of the fibres on the surface is at 70% of the failure load
2.  the occurrence of a matrix crack from the broken fibre tip along the fibre 
as the load was increased
3.  the occurrence of a small delamination originating from the fibre breakag
and the matrix crack  just before failure
4.  the occurrence of a catastrophic crack propagation from the delamination 
leading to the composite failure
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Figure 25: The kink bands observed in a failed carbon/epoxy composite under the 
point bending tests [78] 
situ  observation  of  the  failure  process  of  unidirectional  carbon/epoxy 
point bending load was conducted by Sato et al [97]. The 
point bending test was performed in the SEM apparatus. The failure process 
c). The stages of failure are as follows: 
the breakage of the fibres on the surface is at 70% of the failure load
the occurrence of a matrix crack from the broken fibre tip along the fibre 
as the load was increased 
the occurrence of a small delamination originating from the fibre breakag
and the matrix crack  just before failure 
the occurrence of a catastrophic crack propagation from the delamination 
leading to the composite failure 
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Figure 25: The kink bands observed in a failed carbon/epoxy composite under the 
rocess  of  unidirectional  carbon/epoxy 
point bending load was conducted by Sato et al [97]. The 
point bending test was performed in the SEM apparatus. The failure process 
the breakage of the fibres on the surface is at 70% of the failure load 
the occurrence of a matrix crack from the broken fibre tip along the fibre 
the occurrence of a small delamination originating from the fibre breakage 
the occurrence of a catastrophic crack propagation from the delamination Chapter 2 
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    (a)            (b) 
 
(c) 
Figure 26: The failure processes of CFRP under a three-point bending load:  
                (a) fibre breakage; (b) matrix crack; (c) partial delamination [97] 
 
A more detailed failure mechanism study is by Falchi and Gracia [95]. By using 
the acoustic emission technique, they were able to identify the successive failure 
modes  occurring in  their specimens. The main failure modes  are  illustrated in 
Figure 27. Specimens tested in wide spans failed in tensile mode which started at 
60% of the maximum load. They consisted of broken fibres in the outermost plies 
in  the  tensile  side.  Specimens  tested  at  the  intermediate  spans  showed  mixed 
tensile/compressive  modes  where  the  compressive  rupture  occurred  after  the 
tensile rupture. In this mode, in addition to the fibre breakage in the tensile region, 
there is also the occurrence of fibre-buckling which transverses the compression 
region. A compressive rupture that occurs before the tensile rupture indicates a 
premature decohesion between the fibre and the matrix. The specimens tested at a 
narrow span (short beam test) developed a compressive/shear mode leading to 
delamination. For this mode, there is no tensile rupture in the tensile side.      
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Figure 27: The different types of failure modes in the three-point bending tests 
from the studies of Falchi and Gracia [95]. 
 
Fractographs of fracture behaviour of the CFRP laminate conducted by Miyano et 
al  [98]  are  shown  in  Figure  28.  The  three  kinds  of  fracture  modes  that  were 
observed were the tensile fracture, the compressive fracture and the microbuckling 
fracture (Figure 28). 
 
According to the literature reviewed, researchers have paid little interest to the 
theoretical study of the development of damage in the composite laminates loaded 
in flexure, due to its relative difficulty in contrast to the tensile loading. This is 
caused by  the  anisotropy  of the laminates and  the  non-uniform  distribution  of 
stresses in laminates under the flexural bending. Hence, theoretical studies that 
deal with laminates experiencing damage in bending, has only begun in recent 
years. 
 
The  only  simulation  work  on  the  three-point  flexural  bending  of  the 
graphite/epoxy  applied  on  the  unidirectional  laminate  is  by  Reddy  et  al  [99]. 
Reddy et al [99] where they used a numerical method with the graphite-epoxy 
laminate modelled as a stable progressive fracturing solid. The first ply and the 
ultimate failure loads of the three-point bending tests were determined. A stiffness 
b) Mixed tensile/compressive  
a) Tensile mode 
c) Compressive/shear  
(a)  (b)  (c) Chapter 2 
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reduction scheme was used to identify failure in which the stiffness was gradually 
reduced by using a constant that depended on the mode of failure. 
Tensile Fracture   
Compressive Fracture  
Microbuckling Fracture  
 
Figure 28: The different types of failure modes in the three-point bending tests 
from the study of Miyano et al [98]. 
 
Other previous works on the simulation of the flexural behaviour of laminated 
composites include works by Turvey [100, 101] in which the failure of simply 
supported  symmetric  [100]  and  antisymmetrical  [101] cross  ply  laminates  that 
were subjected to transverse loads were investigated. The investigation consisted 
of evaluation of the first-ply failure load based on Tsai-Hill criteria for the simply 
supported GFRP and CFRP rectangular plates subjected to uniform square patches 
and linearly varying load distributions. 
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In general, the comparisons of the experiment findings of the first ply failure loads 
to the predicted results in literature are weak. This can be seen, for example in the 
work of Greif and Chapon [102] on the cross-ply and the angle ply laminates. An 
analytical study was based on the laminated plate theory and the results of the load 
versus displacement from the experiments and analytical studies were compared 
and found not to be in correlation with each other. This was due to the fact that 
during the test, the plies failed as a group and not individually as was assumed in 
the analytical study. 
 
Kam and Sher [103] studied theoretically the nonlinear behaviour and the first-ply 
failure strength of centrally loaded laminated composite plates with semi-clamped 
edges to develop the load displacement behaviour. An acoustic emission system 
was used to capture  the  initial damage  signal  in  the test. The failure criterion 
examined:  the  maximum  stress criterion,  maximum  strain  criterion,  Hoffman’s 
Criterion, the Tsai-Hill Criterion and the Tsai-Wu Criterion produced inconsistent 
results where the theoretical loads were grossly underestimated by some 30% or 
more. The ability of the failure criteria to predict initial damage load has not been 
clearly established.  
 
Echaabi  et  al  [44]  also  studied  the  same  problem.  The  CT-scan  method  and 
microscopic  investigation  were  used  to  monitor  the  damage  progression  and 
failure modes. The laminated plate theory was used for the stress analysis and this 
procedure achieved a positive prediction of the progressive damage of the beams. 
 
2.3.2 The four-point bending test 
In the four-point bending test, the same setup as the three-point bending test is 
used, except, that the central load in the three-point bending is replaced by two 
symmetrically placed loads. The difference between the two tests is the state of 
stress.  Referring  to  Figures  22  and  23,  in  the  three-point  bending  test,  the 
interlaminar shear stress is seen to be uniform all along its length. However, in the 
four-point bending test, the interlaminar shear stress between the loads is at zero. 
Thus the four-point bending test induces only pure bending in the area between 
the loads.  Chapter 2 
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Studies by Yoshida et al [87] recommend the four-point bending compared to the 
three-point bending in the testing of the composite materials. The reasons given 
are as follows: 
1.  the stress concentration effect of the loading roller is less in the four-point 
bending 
2.  the high compressive stress and high shear stress beneath the loading roller 
in  the  three-point  bending  can  initiate  cracking  which  affects  the 
evaluation of the flexural strength 
3.  the  shear  deflection  in  the  three-point  bending  is  more  significant  as 
compared to the four-point bending  
 
Due to this, the four-point bending test has been selected by several researchers to 
study the flexural behaviour to minimize the influence of the shear stress [104, 
105]. However, despite the advantage shown, the four-point bending test,  has not 
been as widely used as the three-point bending, due to the fact that the three-point 
bending is easier to set up [104, 133]. 
 
For  a  load  span  of  one-half  of  the  support  span,  the  maximum  tensile  and 
compressive stress, σmax is determined from the relation [80]: 
2 max 4
3
bd
PL
= σ                 (11) 
where P is the load, L is the length, b is the width and d is the thickness. The 
maximum shear stress, τmax occurs at the mid-thickness of the outer span, which 
can be calculated using the same formula as the three-point bending in Equation 
10. The strengths from the four-point bending tests of the glass-epoxy composite 
specimens were found to be intermediate i.e. between the three-point bending and 
the tensile data [91]. 
 
As discussed in the preceding section, Parry and Wronski [78] performed a four-
point bending test on unidirectional carbon/epoxy composites. Four-point bending 
tests on unidirectional glass-carbon hybrid laminates are reported by Kretsis et al 
[106] as failures in tension.  
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Wisnom  and  Atkinson  [107]  carried  out  four-point  bending  tests  in  their 
investigation of the effects of the length of specimen on the strength of glass fibre-
epoxy  composites.  Philips  et  al  [108]  studied  the  effects  of  the  size  of  the 
specimen on the strength of the unidirectional glass/epoxy using the three-point 
and  four-point  bending  tests.  Observations  showed  failure  initiating  on  the 
compression side. Takeda et al [109] used the four-point bending test to study the 
delamination growth in the CFRP cross ply laminates. Fibre Bragg gating sensors 
were used and it was found that the reflection spectra from the sensors are very 
sensitive to the delamination growth.  
 
2.3.3 Flexural fatigue 
2.3.3.1 The three-point bending fatigue  
The  long-term  tension-tension  fatigue  resistance  of  CFRP  at  stresses 
approximately  below  80%  of  static  strength  is  considered excellent  [122-124]. 
However, in the flexural fatigue, damage occurs on smaller loads and after a fewer 
cycles [70]. The flexural fatigue loading is reported to have more serious effect on 
the  fatigue  resistance  of  the  composite  as  compared  to  the  uniaxial  loading 
because it places a more severe stress on the matrix of the composite [110]. 
 
The following discussion on previous research works on the three point and four 
point  fatigue  bending  tests  concentrates  on  the  unidirectional  carbon/epoxy 
composites  or  as  otherwise  stated.  Earlier  works  on  the  three-point  bending 
fatigue  are  reported  by  Owen  [51]  and  Bader  and  Johnson  [83].  Owen  [51] 
observes that the static and the fatigue failures initiate at the compressive surface 
by  local  fibre  buckling.  The  fatigue  failures  occur  by  successive  buckling  of 
adjacent layers of fibres to form a blunt crack which slowly propagates until it 
reaches the neutral plane. Owen reported that no fatigue failure occurs below 70% 
of the mean static strength. Bader and Johnson [83] observed that the initiation of 
failure is by a local buckling process on the compression side close to the loading 
roller  (Figure  29)  [41].  Delamination  is  also  observed  but  it  appears  to  be 
subsequent to the initial buckling and failure appears to occur suddenly. 
 Croman [111] observes that fatigue failure 
the vicinity of the loading nose. This damage increases in length towards the mid
plane. With increasing cycles, delaminations to the right and left appear and grow 
until the specimen finally fails and breaks into tw
the  fibres  on  the  tensile  side  of  the  specimen.  The  failure  started  at  the 
compression side due to the downward thrust of the point loading that subjects the 
uppermost  fibres  to  a  longitudinal  compression  and  lateral  thrust
buckle  and  fail  at  the  same  time  resulting  in  the  sudden  appearance  of  the 
compression side cracks. 
 
Figure 29: A local buckling near the loading roller as an initiator of the failure in 
the flexural fatigue test [83].
 
Two fracture modes were observed by Miyano et al [98] in the flexural fatigue 
testing of unidirectional CFRPs. The tensile fracture is only seen in the short time 
range of time to failure while the compressive failure is seen throughout the time 
range to failure. 
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Croman [111] observes that fatigue failure initiation is by compression failure in 
the vicinity of the loading nose. This damage increases in length towards the mid
plane. With increasing cycles, delaminations to the right and left appear and grow 
until the specimen finally fails and breaks into two pieces via tensile breakage of 
the  fibres  on  the  tensile  side  of  the  specimen.  The  failure  started  at  the 
compression side due to the downward thrust of the point loading that subjects the 
uppermost  fibres  to  a  longitudinal  compression  and  lateral  thrust.  The  fibres 
buckle  and  fail  at  the  same  time  resulting  in  the  sudden  appearance  of  the 
 
 
Figure 29: A local buckling near the loading roller as an initiator of the failure in 
the flexural fatigue test [83]. 
re observed by Miyano et al [98] in the flexural fatigue 
testing of unidirectional CFRPs. The tensile fracture is only seen in the short time 
range of time to failure while the compressive failure is seen throughout the time 
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There  is  no  reported  research  on  the  theoretical  model  predicting  the  flexural 
fatigue behaviour of unidirectional composite which is applied to carbon/epoxy 
composites.  However  there  are  reports  of  theoretical  studies  of  glass/epoxy 
composites. 
 
In  the  studies  of  three-point  bending  fatigue  in  unidirectional  glass/epoxy 
composites, one of the approaches adopted is to develop a local damage growth 
model  in conjunction  with  a finite-element  technique  in  order  to  calculate  the 
stiffness loss as a function of the number of cycles [112, 113]. 
 
Sidoroff and Subagio [112] propose the following local damage model to predict 
the damage growth rate: 
 
￿￿
￿￿ ￿ 
￿·￿∆￿￿￿
￿￿￿￿￿￿  In tension            (12) 
where the local damage variable
0
1
E
E
D − = ; N is the number of cycles, E0 is the 
undamaged modulus. A, b and c are the three material constants to be identified 
from experiments and ￿ε is the applied strain amplitude. The model is combined 
with the classic beam theory to calculate the stresses and strains in the damaged 
glass-epoxy unidirectional composites under the three-point bending fatigue tests 
with  fixed-load  amplitudes.  Van  Paepegem  and  Degrieck  [1]  implemented  the 
model of Sidoroff and Subagio to describe fatigue degradation behaviour of angle 
ply  plain  woven  glass/epoxy  specimens  loaded  as  a  cantilever  beam  in 
displacement control. For each cycle, the longitudinal stiffness loss was calculated 
for each point in the model resulting to a plot of degradation of the force versus 
the number of cycles. Positive match was found between the experimental data 
and the theoretical simulation. 
 
Dorosh and Poursartip [89] attribute stiffness loss during the three-point bending 
fatigue tests to the growth of an artificial damaged zone of length 2a and thickness 
d located on the tensile side. The inverse of the bending stiffness is given by the 
expression: Chapter 2 
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where I1 and I2 are the areas of moments of inertia of the undamaged zone and 
damaged cross sections. Using an acoustic emission technique, the value of a and 
d was measured and used to calculate the values of stiffness. For R = 0.1 the 
calculated values of the stiffness were in agreement with the measured values. 
 
2.3.3.2 The four-point bending fatigue 
The number of reports on the four-point bending fatigue is less than that compared 
to the three-point bending fatigue in literature reviewed. The following paragraphs 
summarise the four-point bending fatigue of the glass/epoxy composites. 
 
Kim and Ebert [40] found that there was a sudden reduction in the stiffness of the 
unidirectional fibre glass/epoxy composites during the fatigue loading, which can 
be attributed to the debonding of the fibre/matrix interface. Shih and Ebert [115] 
utilised the four-point bending fatigue to study the effects of fibre/matrix interface 
of  unidirectional  fibreglass  composites.  They  found  that  strong  fibre/matrix 
interface improves the fatigue performance of the composite. 
 
Caprino and Giorleo [116] proposed a model of the four-point bending fatigue 
behaviour of glass fabric/epoxy composites based on the reduction of stiffness in 
laminates by increasing the fatigue cycles. The model is able to account for the 
effect of stress ratio on the fatigue lifetime. 
 
2.4 Conclusion 
A review of the literature related to this study has been discussed in this chapter. 
Literature reviews of studies on voids have shown the influence of the presence of 
voids on mechanical properties of composites. The influence of vacuum pressure 
on the void content is also shown. This variation of vacuum pressure is the main 
method of varying the void content in the laminates used in this study. 
 Chapter 2 
54 
 
Studies on the effects of void content on the mechanical properties have revealed 
that  a  similar  material  may  produce  different  strength  values  due  to  the  non 
homogeneity nature of void location, size and shape. This consequently, has led to 
several studies on the effects of void characteristics on the mechanical properties 
of materials. The role of voids in crack propagation is also explained in detail in 
the literature review section. 
 
The literature review also discusses in detail the methodology that has been used 
by researchers in studying voids in composites. The microscopy image analysis is 
the best chosen method as it is convenient and accurate. The possibility of using 
the X-ray Computed Tomography Scan (CT-scan) to study voids and the failure 
mechanism in composites is being explored in this study. This is relevant due to 
the  destructive  nature  of  the  microscopy  imaging.  In  the  literature  reviewed, 
several research papers that use the X-ray CT-scan to study voids have shown that 
the commercial CT-scan systems are able to detect micro cracks and small voids 
in composites. 
 
A review on the use of the acoustic emission in CFRP composites has also been 
carried out in this chapter. The acoustic emission has proved to be an accurate 
technique in providing data for the analysis of mechanism failure. 
 
The  chapter  on  literature  review  further  discusses      the  three-and  four-  point 
bending tests which were conducted both in the static and fatigue conditions. The 
review concentrates on the failure mechanism of the composites. Several failure 
modes are discussed and these particular failure modes will be compared to the 
one presented in this study. Chapter 3 
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CHAPTER 3 
 
EXPERIMENTAL METHODS 
 
 
 
 
3.1 Materials 
Two types of carbon fibre/epoxy composites are used in this study. The first one is 
of  the  SPRINT
*  material  which  is  used  in  the  three-point  static  and  fatigue 
bending tests. The second material is the carbon fibre/epoxy prepreg for the tests 
conducted in the four-point static and fatigue bending. In both cases, the processes 
are varied in order to produce laminates with the different void contents. All the 
specimens used in these experiments are fabricated by the supplier which is SP 
Systems. 
 
3.1.1 SPRINT
* 
The SPRINT
* material consists of a layer of fibre reinforcement on each side of a 
precast, precatalysed resin film, with a light tack film on one face. The SPRINT
* 
is  different  from  the  usual  prepregs,  in  the  sense  that  its  fibres  stay  dry  and 
unimpregnated by the resin until the curing process is started. [118]. Four ply 
unidirectional  laminates  are  manufactured  by  the  vacuum  bagging  process  as 
shown in Figure 30. 
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Figure 30: A typical processing diagram showing two SPRINT
* layers [118] 
 
In  order  to  produce  different  void  contents  in  the  laminates,  different vacuum 
pressures are used during the manufacturing of the laminate panels. Four different 
percentages  of  vacuum  pressure  specimens  have  been  used  and  these  are:  the 
100%,  the 90%,  the 80% and the 70%. Each panel  is then sectioned (refer to 
Figure 31) using a diamond cutting wheel in order to produce the mechanical test 
pieces and sections for the metallographic analysis.  
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Figure 31: The layout of the SPRINT
∗ panel where the fibres run parallel to the 
horizontal direction (All dimensions are in millimetres. The specimen number is 
indicated in the figure). 
 
3.1.2 Prepreg 
The  base  material  for  the  fabrication  of  the  prepreg  specimens  utilised  in  this 
study  is  carbon/epoxy  prepreg  by  SP  Systems  made  by  using  500g/m
2  of 
unidirectional carbon fibres. Two test panels are manufactured from the prepreg at 
SP Systems by manually stacking four plies with thickness of 0.5 mm each. The 
difference in quality is achieved by not at all debaulking one test panel to induce 
defect  (panel  8267),  while  the  other  panel  was  debaulked  with a  roller  (panel 
8266). The same layout as the SPRINT
* panel layout as shown in Figure 31 is 
used. 
 
                                                 
∗ SP Systems trademark 
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3.2 The three-point bending static test methodology 
The  three-point  bending  test,  as  established  by  ASTM  Standards  D790  [80], 
consists of a simply supported beam between two roller supports (radius 4 mm) 
with the load applied at the midpoint by a roller (6.5 mm radius). The tests are 
performed using an Instron 8872 mechanical testing machine under load control. 
The crosshead speed is calculated using procedure A from the standard which is 
0.85 mm/min (calculated from the specimen and setup geometry). Procedure A is 
used for samples which fail at a comparatively small deflection. The support span-
to-depth  ratio  is  L:d  =  16:1,  where  L  is  the  distance  between  the  lower  fixed 
rollers and d is the specimen thickness. The length of the specimen is parallel to 
the fibre direction as shown in Figure 32.  
 
 
All dimensions in mm 
Figure  32:  Specimen  dimensions  and  loading  configuration  of  the  three-point 
bending test. 
 
The specimens are inserted into the three-point bending fixture and transversely 
loaded until failure. The mid-point deflection is determined from the crosshead 
displacement.  The  loads  and  deflections  are  recorded  automatically  by  a  data 
logger.  Initially  5  specimens  are  tested  for  each  vacuum  pressure.  The  test  is 
stopped when the specimen tip (refer to Figure 33) almost reaches the upper rig 
where further results would be unnecessary. At this point enough data has been 
collected as the maximum load is attained. 
 
16 
mm 
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m
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Figure 33: The three-point bending test.  
The test is stopped right before the specimen tip touches the upper rig. 
 
For each specimen, the maximum loads are determined from the load versus the 
deflection curves. Maximum loads are used to calculate the maximum flexural 
stress. The maximum flexural stresses from the specimens are averaged and used 
to calculate the maximum load for the fatigue test. Because of the large variety of 
results, it is decided, a further six static tests are to be conducted to gain a more 
comprehensive set of results.  
 
3.3 The three-point bending fatigue test methodology 
Specimens with the same dimensions as the flexural static specimens are used for 
the flexural fatigue test. The same loading fixtures are used with the same span to 
depth ratio of 16 to 1. The fatigue tests are performed at the maximum stress 
levels of various percentages of the ultimate flexural stress levels calculated from 
the static tests. From these values of the flexural stress levels, the maximum load, 
Pmax is calculated from Equation 5. The ratio of minimum load, Pmin to Pmax (R 
ratio)  is  0.1.  The  cycle  rate  is  4  Hz  to  prevent  the  effects  of  heating  and  a 
sinusoidal waveform is used. 
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All dimensions in mm 
The tests are load-controlled, and therefore the maximum and minimum load is 
kept  constant  throughout  the  fatigue  life  of  the  specimens.  Consequently,  the 
specimen  deflection  increases  as  the  damage  progresses.  A  data  logger  is 
employed to read the deflection for each cycle. The cycle is stopped when the 
stroke of the machine reaches a deflection of 2 mm and the number of the fatigue 
cycles to specimen failure is observed. The fatigue results are presented in the 
form of load versus deflection curves. A total of 38 fatigue tests are run. 
 
3.4 The four-point bending static and fatigue tests 
The  four-point  bending  tests  are  conducted  according  to  the  ASTM  D790 
Standards. A similar span to depth ratio (16:1) is used and the distance between 
the loading noses is one-half of the support spans. The set-up of the four-point 
bending test is shown in Figure 34. The same Instron machine is used for the four-
point  bending  but  however,  the  mid-span  displacement  cannot  be  measured 
directly from the cross head displacement of the Instron machine. Due to that, a 
linear displacement voltage transducer (LVDT) is used directly under the mid-
span of the specimen to measure the central displacement (Figure 35). Apart from 
the usage of LVDT, the test procedure of the four-point bending test is the same as 
the three-point bending test. 
 
 
 
 
 
 
 
Figure 34: The loading configuration of the four-point bending test.  
The specimen dimension is the same as the three-point bending test. 
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Figure  35:  A  picture  of  the  four-point  bending  experimental  configuration 
illustrating the upper and lower roller and LVDT 
 
3.5 The microstructural characterization and void analyses 
To determine the quality of the laminate, the void contents are measured using a 
computerized image analysis. The main concern here is to study how the presence 
of voids affects the failure initiation. The areas are assumed to be representative of 
the  entire  composite.  Next,  the  statistical  average  of  void  percentage  in  the 
processed images is taken as being equal to the void volume percentage. This 
method is considered the most precise among all methods used for measuring the 
void content [13, 119, and 120]. 
 
The microstructural characteristics of carbon/epoxy composites are analyzed using 
an optical microscope. Several side and cross sectional views of the specimens are 
conducted. The specimens are cold mounted using epoxy resins and polished on 
Upper 
roller  LVDT 
Lower 
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the rotary polishing equipment using 120, 600, 1200 and 4000 grit silicon carbide 
papers. The specimens are then polished to a scratch-free finish using a 6 micron 
diamond paste on a cloth pad. Finally, the 1 micron diamond paste is applied with 
a  cloth  pad  and  the  specimens  are  placed  under  an  optical  Olympus  BH-2 
microscope interfaced to a PC based computer using a DVC digital video camera 
module.  The  images  are  fed  to  the  computer  using  the  XCap  image  analysis 
software.  
 
The void content measurements are made on the previously tested flexural fatigue 
specimens to gain the real void content of the area of the material failure. The 
image analysis is conducted 30 mm away from the failure point along the axis 
parallel to the direction of the orientation of the fibre.  The samples are cut using a 
diamond tip rotary saw and the samples polished using the procedure mentioned 
earlier. The voids in the image of the optical microscope analysis are separated 
from  the  background  (resin  and  fibres)  by  adjusting  the  light  intensity  of  the 
microscope until only the voids are visible. 
 
In  this  study,  a  Windows-based  tessellation  module  is  used  to  study  the 
characteristics of the voids. Measurements from this method include the cell area, 
the local area fraction, and the aspect ratio, the number of near neighbours, the 
near neighbour distance, and the mean near neighbour distance and the nearest 
orientation of the neighbour. Information on characteristics of voids that can be 
gathered from the measurements is the void content, the void aspect ratio and the 
distribution of voids. 
 
Boselli  [84]  developed  and  used  the  tessellation  module,  called  finite  body 
tessellation  (FBT),  to  investigate  the  effects  of  particle  distribution  and 
morphology  on  fatigue  behaviour  of  composites.  A  finite  body  tessellation 
consists of a network of cells such that any point within a cell is closer to the 
interface  of  the  corresponding  object  than  to  any  other  part.  As  illustrated  by 
Mwanza et al [85] in Figure 36, eleven measurements can be taken for each cell in 
the tessellation as: 
1.  the object area (voids in this study) Chapter 3 
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2.  the  object  aspect  ratio:  maximum  chord  length  divided  by  the 
perpendicular width 
3.  the  object  angle:  angle  of  the  object's  longest  chord  in  respect  to  the 
horizontal position (between 0 and π/2 radians) 
4.  the cell area 
5.  the cell aspect ratio: maximum chord length divided by the perpendicular 
width 
6.  the  cell  angle:  angle  of  the  cell's  longest  chord  with  respect  to  the 
horizontal position (between 0 and π/2 radians) 
7.  the local area fraction: object area/cell area x 100 
8.  the number of near-neighbours: number of objects sharing a cell boundary 
with the object of interest 
9.  the nearest-neighbour distance: the shortest interfacial distance with any of 
the near-neighbours 
10. the mean near-neighbour distance: the average of the shortest interfacial 
distances to all of the near neighbours 
11. the nearest-neighbour angle: the angle of the line joining the centroid of 
the object to the centroid of the nearest neighbour, measured with respect 
to the horizontal (between 0 and π/2 radians). 
 
 
 
Figure 36: Measurements obtained from the finite body tessellation analysis 
 In this study, only the following measurements are used: the individual void areas, 
the  number  of  voids,  the  total  void  area,  the  void  aspect  ratio  and  the 
distribution.  Except  for  the  void  distribution,  all  the  measurements  can  be 
calculated  straight  from  the  FBT  measurements.  For  the  void  distribution 
measurements, a study by Yang et al [86] shows that the coefficient of variation of 
the  mean  near-neighbour  distance, 
homogeneity of the particle distribution. The homogeneous particle distribution in 
the work of Yang et al is characterized by a 
inhomogeneity  are considered to pro
 
In the FBT analysis programme (TAP) the voids are highlighted by thresholding 
the image. The threshold level is set in such a way that the resin and fibres appear 
to be white while the voids are red. Further manual editin
select or deselect areas in the image which may or may not contain voids. The 
software then calculates the percentage of the red area and hence the fraction of 
the void is obtained. The sequence is summarized in Figure 37(a)
 
Figure 37(a): The original image of the laminate
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In this study, only the following measurements are used: the individual void areas, 
the  number  of  voids,  the  total  void  area,  the  void  aspect  ratio  and  the 
distribution.  Except  for  the  void  distribution,  all  the  measurements  can  be 
calculated  straight  from  the  FBT  measurements.  For  the  void  distribution 
measurements, a study by Yang et al [86] shows that the coefficient of variation of 
hbour  distance,  COV(dmean)  can  be  used  to  measure  the 
homogeneity of the particle distribution. The homogeneous particle distribution in 
the work of Yang et al is characterized by a COV(dmean) of 0.36 while the forms of 
inhomogeneity  are considered to produce COV(dmean) higher than 0.36. 
In the FBT analysis programme (TAP) the voids are highlighted by thresholding 
the image. The threshold level is set in such a way that the resin and fibres appear 
to be white while the voids are red. Further manual editing may be needed to 
select or deselect areas in the image which may or may not contain voids. The 
software then calculates the percentage of the red area and hence the fraction of 
the void is obtained. The sequence is summarized in Figure 37(a)-(c). 
re 37(a): The original image of the laminate 
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In this study, only the following measurements are used: the individual void areas, 
the  number  of  voids,  the  total  void  area,  the  void  aspect  ratio  and  the  void 
distribution.  Except  for  the  void  distribution,  all  the  measurements  can  be 
calculated  straight  from  the  FBT  measurements.  For  the  void  distribution 
measurements, a study by Yang et al [86] shows that the coefficient of variation of 
can  be  used  to  measure  the 
homogeneity of the particle distribution. The homogeneous particle distribution in 
of 0.36 while the forms of 
 
In the FBT analysis programme (TAP) the voids are highlighted by thresholding 
the image. The threshold level is set in such a way that the resin and fibres appear 
g may be needed to 
select or deselect areas in the image which may or may not contain voids. The 
software then calculates the percentage of the red area and hence the fraction of 
 Figure 37(b): The image after intensity adjusting, leaving the black area as voids 
while the resin and fibre areas as white
 
Figure  37(c):  The  image  after  thresholding.  The  software  then  calculates  the 
percentage of the red area.
Chapter 
Figure 37(b): The image after intensity adjusting, leaving the black area as voids 
while the resin and fibre areas as white 
Figure  37(c):  The  image  after  thresholding.  The  software  then  calculates  the 
entage of the red area. 
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Figure 37(b): The image after intensity adjusting, leaving the black area as voids 
 
Figure  37(c):  The  image  after  thresholding.  The  software  then  calculates  the Chapter 3 
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The dimensions of each sample are approximately 15 mm x 2 mm. Each sample is 
analysed by magnifying it 100x using 5 images taken at 2.5 mm intervals across 
the  specimen  (Figure  38).  The  total  area  of  each  image  corresponding  to  the 
magnification used is 884540.3 µm
2. The average percentages of the void content 
for  the  specimens  are  recorded  as  the  percentage  of  the  void  content  in  the 
laminate. A more detailed explanation of the image analysis study can be found in 
Reference 26. 
 
 
Figure  38:  A  schematic  diagram  showing  the  positions  of  the  image  captured 
along the specimen (all dimensions in mm). 
 
To characterize the voids, the voids are classified into six different void types 
depending on their sizes. The classification of these voids is shown in Table 2.  
For each image analysis results from TAP, the total void area in each void type 
categories is calculated.  The summary of the calculation is shown in Table 3. 
 
After the completion of the fatigue tests, selected specimens are examined using a 
Jeol JSM 6500F Scanning Electron Microscope (SEM) to identify the source of 
changes observed in material response. 
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Table 2: The void types based on size 
Void  
type 
Lower size  
limit (µm
2) 
Upper size  
limit (µm
2) 
0  0.0  0.9 
1  1.0  9.9 
2  10  99 
3  100  999 
4  1000  9999 
5  10000  - 
 
3.6 The X-ray tomography 
The initial objective of studying voids using the X-ray tomography is to assess the 
efficiency and limitations of the commercial X-ray tomography machine for the 
void  characterization and  the  void crack interaction.  A major objective  of this 
study is to relate fatigue initiation and propagation to the presence of voids. Hence 
the X-ray tomography will allow visualization of the damage in 3D. The optical 
and electron microscope study demonstrates the inability of destructive methods 
to locate initiation of cracks starting from voids in many of the tested specimens. 
Another objective of this study is to investigate the 3D structure of the voids. 
 
A  few  samples  are  scanned  to  check  for  voids.  The  same  sample  is  then 
mechanically tested to see the effect of the load on the voids. The microstructure 
of the composite is investigated using rectangular samples with a size of 100 x 10 
x 2 mm. This is the size for the three-point bending test. Samples are cut from 
plates  produced  by  the  SPRINT
∗  process.    Seven  samples  are  bound  together 
using a tape to get a square cross section (Figure 39). This is due to the rotational 
nature of the X-ray tomography which will produce optimized results from the 
square cross sectional specimens. 
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Table 3: Example of void characterisation table for three laminates 
 
Total void area = Void area 1 + Void area 2 + Void area 3 
Total A = Total Void Area 1i + Total Void Area 1ii + … + Total Void Area 6iv + Total Void Area 6v 
Percentage of void area = (Total A/884540.3) x100 
  Void area 
  1i  1ii  1iii  1iv  1v  2i  2ii  2iii  2iv  2v  3i  3ii  3iii  3iv  3v  4i  4ii  4iii  4iv  4v  4i  5ii  5iii  5iv  5v  6i  6ii  6iii  6iv  6v 
Laminate 1                                                             
Laminate 2                                                             
Laminate 3                                                             
Total void 
area 
                                                            Total 
A                
Void area 
of type 0 
                                                            Average 
Type 0 
Void area 
of type 1 
                                                            Average 
Type 1 
Void area 
of type 2 
                                                            Average 
Type 2 
Void area 
of type 3 
                                                            Average 
Type 3 
Void area 
of type 4 
                                                            Average 
Type 4 
Void area 
of type 5 
                                                            Average 
Type 5 Chapter 3 
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Figure 39: A specimen for the X-ray tomography containing seven samples bound 
together by tape. 
 
The X-ray micro CT images are acquired using the X-TEK Benchtop CT 160Xi 
machine. It is a benchtop type machine which has a resolution down to 5 µm focal 
spot reflection target and an X-ray source which operates at 25-160 kV and 0-
1000 µA. The scans in this study are carried out with the X-rays at a voltage of 45 
kV  and  a  current  of  100  µA.  The  3D  reconstruction  is  done  using  X-TEK 
Reconstruction software and visualization and the analysis is carried out by using 
a commercial software package ‘VGStudiomax. 1.2’ (Volume Graphics GmbH, 
Heidelberg, Germany) 
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Six batches of scans are carried out. The details are as follows: 
Table 4: Details of the X-ray CT-scanned specimen  
  Specimen 
Scan 1 
(before 
test) 
8267-1, 8267-2, 8267-3, 70-4.7, 70-4.6, 8266-1, 8266-2 
 
Scan 2  8267-1: Static three-point bending until 462.8 N 
8267-2: Static three-point bending until failure 
70-4.7: Fatigue three-point bending until failure 
70-6.3: Fatigue three-point bending test stopped at deflection 1.0 mm 
70-5.5: Fatigue three-point bending test stopped at deflection 1.8 mm 
8266-1: Static three-point bending until 950 N 
8266-2: Fatigue three-point bending until failure 
Scan 3  8267-1: Static three-point bending until failure 
70-6.3: Fatigue three-point bending test until failure 
70-5.5: Fatigue three-point bending test until failure 
8266-1: Static three-point bending until failure 
70-3.8: Fatigue three-point bending test stopped at deflection 0.5 mm 
70-4.6: Fatigue three-point bending test until failure 
100-1.2: Static three-point bending until failure 
Scan 4 
(new 
detector) 
70-5.3, 70-5.7, 70-5.8, 70-6.2, 70-6.3, 70-6.5, 70-6.6 
Scan 5  70-5.3: Fatigue three-point bending test until failure 
70-5.7: Static three-point bending until failure 
70-5.8: Fatigue three-point bending test stopped at 4999 cycles 
70-6.2: Static three-point bending until failure 
70-6.3: Fatigue three-point bending test until failure 
70-6.5: Fatigue three-point bending test stopped at deflection 1.0 mm 
70-6.6: Fatigue three-point bending test stopped at deflection 0.2 mm 
Scan 6  Small specimen 
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3.7 The acoustic emission 
The acoustic emission sensor (PicoZ Broadband, diameter = 3 mm) is glued to the 
bottom of the specimen as shown in Figure 40. Only one sensor is used because 
the location of the crack is always located at the bottom of the roller. The sensor is 
connected to the preamplifier with 110 KHz high pass and 1MHz low pass filters. 
The  preamplifier  is  then  connected  to  the  amplifier.  The  amplifier  is  also 
connected to the load and position readings of the Instron machine. The AE data is 
analyzed using Vallen AE software. The software is set using 3.33 MHz sample 
rate, 34 dB threshold and 40 dB gain. These values are found to be adequate for 
testing purposes [140]. For each test, the AE data acquisition is started at the same 
time with the loading. The parameter-based analysis is used in the processing of 
the AE data, where the amplitude and the energy are the main AE characteristics 
that are being analyzed. 
 
Both static and fatigue tests are done together with the acoustic emission analysis 
on two  differing quality  composites.  Six low quality specimens (manufactured 
from rejected prepreg) and seven high quality specimens are tested. The stopped 
static and stopped fatigue tests are also conducted by using the same experimental 
setup as detailed in the three-point static and fatigue testing methods. Combining 
the  AE investigation  with  the  microscopic  observation  and the  X-ray  CT-scan 
analysis  provides  understanding  of  the  damage  mechanisms  in  composites.  A 
further discussion of   the AE test methodology is in the results section in Chapter 
4 and 5. 
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 Figure 40:  The acoustic emission equipment setup. 
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CHAPTER 4 
 
VOID ANALYSES, FINDINGS AND DISCUSSIONS 
 
 
 
 
4.1 Void content 
In this section, void analysis findings in composite materials are presented and 
discussed. Void analyses are performed using image analyses and the aspects that 
are  studied  are  the  void  content,  the  void  aspect  ratios  and  the  coefficient  of 
variance.  
 
Void content analyses were made on previously tested specimens to gain accurate 
and real void content of the failure areas of the material. Several excellent and 
poor performing specimens from static and fatigue flexural tests were analysed. 
The results of the image analyses are tabulated in Table A1 and A2 in Appendix 
A. From the image analysis, the average void content findings of each vacuum 
pressure are shown in Table 5. It is clear from the table that the use of a higher 
vacuum pressure reduces the void content in the laminates. This reduction in void 
content can be explained by taking into consideration the application of a high 
local pressure that minimizes individual bubbles and also dissolves small voids 
into  the  resin.  Several  reports  on  this  subject  [8,  9,  and  131]  have  already 
indicated  that  high  pressures  reduce  voids  in  composites.  Lundstrom  and  co-
workers [131] who used image analysis to study the void content, reported that the 
void content decreased by increasing the vacuum pressure.  
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Table 5: Void content of different vacuum pressure panels 
Vacuum 
pressure (%) 
Average void 
content (%) 
Max.void content 
(%) 
Minimum void 
content (%) 
100  1.63  2.73  0.95 
90  2.51  4.48  0.96 
80  2.71  3.76  1.25 
70  2.89  4.65  2.13 
 
4.1.2 Void characteristics 
To study the void characteristics of the SPRINT
∗ material in a greater depth, a 
new  batch  of  laminates  were  manufactured  by  SP  Systems.  As  findings  from 
earlier studies for 100% and 70% vacuum pressures specimens showed a marked 
difference in the void content, 100% and 70% vacuum pressures were applied. Six 
specimens of the 100% and 70% vacuum pressures were randomly selected to 
study their void characteristics. From each sample, 5 images were taken as shown 
in Figure 38. The average void content of the 100% vacuum pressure panel was 
1.69% while the 70% vacuum pressure panel was 2.07%. 
 
Two more laminates were manufactured from prepreg using the vacuum bagging 
method as explained in the experiment section of this thesis. For the debaulked 
laminate (batch 8266) the void content was found to be 3.6% while for the non-
debaulked laminate (batch 8267) the void content was at 6.8%. Larger voids were 
found in laminates of batches 8266 and 8267 compared to the SPRINT* material. 
In the laminate batch 8267, the voids  were more like  gaps between laminates 
(Figure 43(a)). This shows the importance of debaulking to produce good quality 
laminates. In addition, the microstructure of the prepreg laminate is similar to the 
SPRINT
* material except for the difference in the void content. 
 
Figures 41, 42 and 43, show the typical polished cross-sectional images of the 
SPRINT
*  and  prepreg  laminates.  In  these  images,  the  white  circular  dots 
correspond to carbon-fibres orienting perpendicularly to the cross section, while 
the resin shows as grey and the voids appear to be black. The SPRINT
* processing 
                                                 
∗ SP Systems trademark technique  has  resulted  in  distinct  resin  rich  layer
individual plies. This is clearly shown in Figure 41 and 42(a).
 
Figure 41: A typical microstructure of  the 100% vacuum  specimen  containing 
small voids that mainly concentrate between the plies (Sample 100
 
(a)   
Figure 42: (a) A few of the large voids that occur in laminate (the 100% vacuum 
specimen, Sample 100-6.7). (b) A 70% vacuum specimen containing large voids 
(Sample 70-41) 
 
 
Chapter 
technique  has  resulted  in  distinct  resin  rich  layers  being  formed  between  the 
individual plies. This is clearly shown in Figure 41 and 42(a). 
Figure  41: A  typical microstructure  of the 100%  vacuum  specimen containing 
small voids that mainly concentrate between the plies (Sample 100-5.8). 
 
        (b) 
Figure 42: (a) A few of the large voids that occur in laminate (the 100% vacuum 
6.7). (b) A 70% vacuum specimen containing large voids 
voids 
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Figure 41:  A  typical microstructure  of the 100% vacuum  specimen containing 
 
 
Figure 42: (a) A few of the large voids that occur in laminate (the 100% vacuum 
6.7). (b) A 70% vacuum specimen containing large voids     (a)   
Figure 43: (a) Sample 67
the resin rich areas between plies (circled in red). (b) Microstructures 
of Panel 8266. The void content is less then Panel 8267 and the void 
size is smaller.
 
The majority of the small voids are located in the resin rich areas, a
Figure 41. As SPRINT
∗ 
evolved during curing. Thus, the small voids that form are probably attributed to 
air entrapment that is already in the resin film before the SPRINT
made. The air is not removed during the processing of SPRINT
two  reasons.  The  first  reason  being,  the  resin  front  only  needs  to  displace  a 
distance of 0.5 mm to penetrate into the dry fibres and  the second is due to the 
zero bleed production method of SPRINT
remove the entrapped air and that not enough resin is present to fill the voids.
 
There  are  also  a  few  fairly  large  voids  found  in  the  samples  which  can  be 
considered as gaps between the plies (Figure 43
the one shown is the largest void observed. These voids are always found to be 
elongated in the longitudinal direction and located in the fibres or resin areas but 
not in the resin rich areas. In some cases the void cont
fibres. These voids indicate that the compaction between the plies is insufficient 
and are said to be the preferred location for the crack initiation and propagation, as 
will be shown in the images of
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        (b) 
-3iv showing large voids and voids that appear as gaps in 
the resin rich areas between plies (circled in red). (b) Microstructures 
of Panel 8266. The void content is less then Panel 8267 and the void 
size is smaller. 
The majority of the small voids are located in the resin rich areas, as shown in 
 does not use a solvent system, there is no volatile gas 
evolved during curing. Thus, the small voids that form are probably attributed to 
air entrapment that is already in the resin film before the SPRINT
* material was 
. The air is not removed during the processing of SPRINT
* probably due to 
two  reasons.  The  first  reason  being,  the  resin  front  only  needs  to  displace  a 
distance of 0.5 mm to penetrate into the dry fibres and  the second is due to the 
method of SPRINT
*, where there is not enough time to 
remove the entrapped air and that not enough resin is present to fill the voids.
There  are  also  a  few  fairly  large  voids  found  in  the  samples  which  can  be 
considered as gaps between the plies (Figure 43a). Voids of this size are rare and 
the one shown is the largest void observed. These voids are always found to be 
elongated in the longitudinal direction and located in the fibres or resin areas but 
not in the resin rich areas. In some cases the void contains sections of carbon 
fibres. These voids indicate that the compaction between the plies is insufficient 
and are said to be the preferred location for the crack initiation and propagation, as 
will be shown in the images of the specimens that failed. 
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There  are  also  a  few  fairly  large  voids  found  in  the  samples  which  can  be 
a). Voids of this size are rare and 
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The voids are classified into six different void types depending on their sizes. The 
number  of  voids  in  each  void  type  classification  (in  percentage)  is  shown  in 
Figure 44. It can be seen that the majority of voids are small with the highest 
number of voids being Type 1 which measures between 1 µm
2 to 9 µm
2. Although 
Type 1 void contributes to the largest number of voids in the laminate, the total 
area of Type 1 voids are only about 0.09% of the area that is being analysed. This 
is shown in Figure 45, where the void area percentage of each type of void is 
calculated. From the figure, the largest void area in a laminate is of Void Type 4.  
Void Type 5, which is the largest, but does not total to the largest void area, can 
be more harmful to mechanical properties of the laminates as compared to the 
others.  Table  6  shows  the  percentage  of  each  type  of  void  and  the  total  void 
content of the particular type of laminate used in this study. 
 
 
Figure 44: The number of voids in each type of void classification 
 
 
Percentage of void types
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8277 21.06 39.66 29.41 7.94 1.81 0.12
8276 21.21 36.07 31.62 9.60 1.48 0.02
70 24.07 40.45 27.53 6.62 1.26 0.07
100 33.21 42.46 20.59 3.00 0.74 0.00
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Figure 45: The percentage of void area for each type of void 
 
Table 6: Number of voids in each void type (in percentage) 
 Void type  Size range (µm
2)  8267  8266  70  100 
 
Type 0 
 
0.0-0.9 
 
0.01  0.01  0.01  0.01 
Type 1 
  1.0-9.9  0.11  0.08  0.05  0.09 
Type 2  10-99  0.59  0.53  0.26  0.30 
Type 3  100-999  1.50  1.45  0.56  0.38 
Type 4  1000-9999 
  3.02  1.44  0.87  0.91 
Type 5  >10000  1.57  0.10  0.32  0.00 
Total void content  6.8%  3.6%  1.7%  2.1% 
 
In  order  to  establish  the  effect  of  void  size  on  the  mechanical  properties,  a 
normalized void number density of void type is plotted as a function of increasing 
average void content. It can be seen that for Types 0, 1 and 2 the densities do not 
8267 8266 70 100
Type 5 1.57 0.10 0.32 0.00
Type 4 3.02 1.44 0.87 0.91
Type 3 1.50 1.45 0.56 0.38
Type 2 0.59 0.53 0.26 0.30
Type 1 0.11 0.08 0.05 0.09
Type 0 0.01 0.01 0.01 0.01
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rise with the increasing void content but densities of Types 3 and 4 do rise as void 
content increases.  
 
 
Figure 46: The normalized density numbers of the void type vs. the average void 
content. The samples are 100% and 70% vacuum pressured and 8276 laminate 
(debaulked) and 8277 laminate (non-debaulked) 
 
4.1.3 The aspect ratio 
The  shapes  of  voids  are  known  to  affect  the  mechanical  performance  of 
composites in different ways [15, 121 and 140]. In Section 2.1.3 it has discussed 
in detail that void characteristics affect mechanical properties. As a result, the 
number  of  voids  with  damaging  shapes  could  be  more  important  than  their 
contribution to the void content obtained for a whole composite. The aspect ratio 
is used in this research to present shape distribution in composites. 
 
Aspect ratio is defined in the Tessellation Analysis Programme as the maximum 
chord length divided by the perpendicular width. A perfect circle will have an 
aspect ratio of 1, while an aspect ratio of more than 1 will decrease the curvature 
radius,  resulting  in  an  ellipse.  An  increase  in  the  aspect  ratio  will  result  in 
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increasing the curvature radius of the ellipse. Figure 47 shows voids with their 
respective aspect ratios. 
 
Figure 47: Voids with their respective aspect ratios 
 
The aspect ratio results of all samples are shown in Figures 48 to 51. For each of 
the  four  types  of  laminates,  six  samples  were  chosen  to  be  used  in  the  void 
analysis studies. Tables 7 and 8 show the percentage of the aspect ratios in each 
classification of void type in the 100% and 70% vacuum specimens respectively. 
It can be seen from the figures and tables that the percentage for each aspect ratio 
group in the same laminate is similar for all the specimens. 70% to 80% of voids 
in all of the laminates have the aspect ratios of between 1 to 2, which are shaped 
between  a  circle  and  an  ellipse  of  the  moderate  radius  curvature.  This  is  in 
agreement with Jeong [5] and Bowles, and Frimpong [6]. It is also reported that 
for the low void volume fractions (less than 1.5%), voids tend to be small and 
spherical [5].  
 
It is expected that the voids in the group with aspect ratio greater than four will 
have the most  detrimental effect on the composite mechanical properties.  The 
Type 5 
AR = 2.07 
Type 3 
AR =1.23 
Type 4 
AR = 2.93 
Type 2 
AR = 1.31 
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results in Table 7 and 8, show that the average percentage of voids with the aspect 
ratio greater or that equals to four, increases by decreasing vacuum pressure (0.26 
for the 100% vacuum pressured and 0.33 for 70% vacuum pressured specimens). 
These results and the void type findings show that as the void content increases, 
there is an increase in the number of large voids with high aspect ratios. This 
indicates that if the samples with the 70% vacuum pressure are subjected to an 
applied  load,  they  would  have  many  more  areas  of  very  high  local  stress  as 
compared to the 100% vacuum pressure samples and hence be more likely to 
result in premature failure. 
 
 
Figure 48: Histogram of the percentage of the aspect ratio groups for the  
100% vacuum pressured specimens. 
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Figure 49: Histogram for the percentage of the aspect ratio groups for the  
70% vacuum pressured specimens 
 
 
Figure 50: Histogram for the percentage of the aspect ratio for sample 8266 
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Figure 51: Histogram for the percentage of the aspect ratio for sample 8267 
 
Table  7: Percentage of the aspect ratio groups for  the  100% vacuum pressure 
specimens 
  AR < 1  1 ≤ AR < 2  2 ≤ AR < 4  AR ≥ 4 
11  0.31  79.4  20.0  0.18 
12  0.16  72.8  26.5  0.49 
21  0.25  74.9  24.4  0.35 
37  0.16  80.4  19.0  0.33 
41  0.08  77.9  21.9  0.04 
51  0.06  74.5  25.1  0.20 
Average  0.17  76.6  22.8  0.26 
 
Table  8:  Percentage  of  the  aspect  ratio  groups  for  the  70%  vacuum  pressure 
specimens 
  AR < 1  1 ≤ AR < 2  2 ≤ AR < 4  AR ≥ 4 
11  0.27  76.3  23.1  0.27 
12  0.26  77.8  21.6  0.26 
15  0.24  76.4  23.0  0.40 
21  0.20  79.0  20.6  0.26 
28  0.16  77.0  22.5  0.27 
37  0.28  76.2  23.0  0.55 
Average  0.23  77.1  22.3  0.33 
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It is obvious that a large void but with a similar aspect ratio to that of a smaller 
void may have a more detrimental effect on the composite properties. Therefore, 
in order to investigate the link between size and aspect ratio, the areas of each 
void are plotted with their respective aspect ratios. Figure 52 shows an example of 
the graph. All other results are shown in Appendix A. It can be seen from the 
graphs that a large percentage of the voids are small with their aspect ratios of 
between 1 and 2. The highest aspect ratios for the large voids are about 4 to 5. 
This means that not many of the voids have shapes that are detrimental to the 
laminates. 
 
 
Figure 52: The void area vs. the void aspect ratio distribution in specimen 100-51 
(100% vacuum pressure specimen) 
 
4.1.4 Void distribution 
The coefficient of variation for each captured image is sorted from the smallest to 
the largest. This is shown in Table A5 in the Appendix A. All COV values are 
above  0.36  which  means  that  all  void  distribution  in  the  samples  is 
inhomogeneous.  The  samples  with  the  highest  and  lowest  COV  are  shown  in 
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Table 9: The samples with the highest and lowest COV values.
100% vacuum 
pressure 
70% vacuum 
pressure
 Sample  COV  Sample
37ii  0.49  21ii
51i  1.52  15iv
 
 
Figure 53: (a) Sample 21ii; 70% vacuum pressure; COV = 0.51 (b) Sample 51i; 
100% vacuum pressure; COV = 1.52
 
Figure 54: (a) Sample 2v; debaulked; COV = 0.50 (b) Sample 4iv; non
COV = 0.98 
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Table 9 and the microstructure is shown in Figure 53 and 54 for the SPRINT
prepreg specimens, respectively. 
Table 9: The samples with the highest and lowest COV values. 
70% vacuum 
pressure  8266  8267 
Sample  COV 
 
Sample  COV  Sample  COV
21ii  0.51  2v  0.50  4iii  0.51
15iv  1.11  5ii  0.79  4iv  0.98
 
Figure 53: (a) Sample 21ii; 70% vacuum pressure; COV = 0.51 (b) Sample 51i; 
100% vacuum pressure; COV = 1.52 
 
Figure 54: (a) Sample 2v; debaulked; COV = 0.50 (b) Sample 4iv; non-debaulked
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Figure 53: (a) Sample 21ii; 70% vacuum pressure; COV = 0.51 (b) Sample 51i; 
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Images in Figure 53 are the SPRINT
∗ materials showing the high and low COV 
samples while images in Figure 54 are the prepreg materials with the high and low 
COV samples. It can be seen that the voids in both types of materials are similarly 
distributed both in the high COV and low COV values. 
 
From the image analysis study of the SPRINT
* and prepreg materials, it can be 
concluded that the void content in both laminates is small with the worst quality 
laminate (Laminate 8267) containing 6.8% of voids. A majority of voids in the 
laminates are small in size i.e. less than 10 µm
2 and shaped in between a circle 
and an ellipse. The distribution of the voids is not homogeneous. 
 
The microscope images show similar characteristics between the SPRINT
* and the 
prepreg,  except  that  higher  void  content  can  be  seen  in  the  non-debaulked 
specimens. It can therefore be concluded that both the laminates appear to have 
similar void characteristics, which are of Type 1, with an aspect ratio of 1 to 2 and 
in addition, are not homogenously distributed. Based on the findings, it can be 
inferred  that  the  void  content  may  be  the  determining  factor  that  controls  the 
mechanical properties of the composites. Due to the occurrence of large voids 
immediately beneath the upper roller, a varied behaviour of the flexural fatigue 
properties may also result. 
 
4.2 Void imaging using X-ray tomography analysis 
Figure  55,  shows  the  cross  sectional  view  of  one  of  the  X-ray  tomography 
readings. The resin rich areas are clearly resolved and the voids are visible in 
using the X-ray tomography due to the differing absorption coefficients of air and 
resin. 
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Figure 55: A cross sectional view of a specimen which shows the resin rich area. 
 
The VGStudiomax software is used to calculate the void content of the specimens. 
The processes involved are: 
1.  editing the 3D image by  just maintaining one specimen from the several 
specimens in the batch 
2.  using the segmentation function where three separate sections are created: 
i.  Section 0 for the fibres and resin 
ii.  Section 1 for the air outside the specimen 
iii.  Section 2 for the voids 
 
The calculations of the void content and the void characteristics were not carried 
out due to the need for an extended period of time to edit the images for each 
individual specimen. It is believed that a comparison of the images is an adequate 
enough procedure to provide useful information.  
 
Figure 56 shows the distribution of voids in one ply. The voids (coloured in green) 
are seen to be cylindrical and fill the whole space between the plies. A better 
image is shown in Figure 57 (a) where only two of the biggest voids are shown. 
These voids are seen to be cylindrical which is expected as stated in reports of 
other  researchers.  Figures  57(b)  and  57(c)  show  a  cross-sectional  view  of  the 
location of the two voids in the specimen. The X-ray tomography analysis have 
aided in analyzing the location, size and geometry of voids in three-dimensions. 
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Figure 56: The distribution of voids in one ply of the specimen. Chapter 4 
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 (a): 3D view 
 
 
 
 
 
 
 
 
 
Void 1 
(0.6 mm 
length) 
Void 2 (1.8 mm length) Chapter 4 
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(b) A cross sectional view of the location of Void 1. 
 
 
 
(c) A cross sectional view of the location of Void 2. 
Figure 57: Two of the larger voids in the laminate 
 
In conclusion, this study shows that the X-ray tomography is a suitable method to 
investigate the characteristics of voids. The contrast between void and fibre is 
good and resin rich areas can be seen in a specimen of a width of 7.5 mm. The 
shape  of  the  voids  is  also  investigated  but  however,  the  void  content  is  not 
calculated because of the almost similar grey values between the voids and the 
resin rich areas. As a consequence, automatically calculating the void content is 
impossible and a manual count of the void content has been attempted but it was 
found to be time consuming (about a week is needed) to count each sample.  
 
The  resolution  of  the  X-ray  CT-scan  figures  is  very  low  compared  to  the 
microscopy  image  analysis.  Although,  the  X-ray  CT-scan  imaging  is  a  good 
device as it can visualize the 3D images but the microscopy images are better in 
analyzing the void characteristics as they are better resolved. The main advantage 
of  using  the  X-ray  CT-scan  is  that  it  is  non-destructive  so  the  technique  is 
invaluable in comparing data to the before and after loading of the specimens. 
 
4.3 Conclusion 
The findings of the image analysis have shown the quantities and types of voids 
that exist in different types of laminates. The composite laminates used in this 
study have a void content ranging from 1.6% to 6.8%. A majority of the voids are 
small with sizes ranging between 1 µm
2 to 9 µm
2, are spherical in shape and 
Void 1 
Void 2 Chapter 4 
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located  in  the  resin  rich  areas.  Finally,  imaging  the  voids  using  the  X-ray 
tomography is successful in studying the void characteristics. Chapter 5 
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CHAPTER 5 
 
THE STATIC THREE-POINT BENDING TEST 
 
 
 
 
5.1 Introduction 
As discussed in Chapter 3, the three-point bending test is used to evaluate the 
effects of voids on mechanical properties of composites. It is used in this study 
because it evaluates both the compression and tensile tests through a single test 
which is useful in evaluating the effect of voids. The samples do not need tabs for 
gripping and the test setup procedure does not take much time.  Under the three-
point bending loading, the interply areas, which are the regions where most of the 
voids are located, are placed under stress. 
 
The main objectives of the static three-point bending test programme are: 
1.  to determine the average maximum strength of the materials  
2.  to  study  the  effects  of  voids  on  flexural  failure  of  unidirectional 
carbon/epoxy composites 
3.  to compare the effects of voids between the three and four-point bending 
tests 
 
The failure mode and damage progression are studied using the load-deflection 
curve behaviour, the microscopic image analysis, the acoustic emission and the X-
ray tomography. The specimens used in this study are described in the section on 
methodology. These specimens differ in void content, from 0.1% to 9.0%. 
 
5.2 The effects of vacuum pressure on flexural strength 
In Chapter 4, the effect of vacuum pressure on the void content of composites has 
shown  an  increase  in  void  content  as  vacuum  pressure  is  decreased.  In  this Chapter 5 
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section,  laminates  with  different  vacuum  pressures  during  manufacturing  are 
tested.  
 
The complete data on the ultimate load and the ultimate stress are shown in Table 
A6 in Appendix A. The range of the static three-point bending strength is shown 
in Figure 58. The parameters from the exponential curve fits, in Figure 58 are 
from the trend line feature of the Microsoft Excel Programme. The exponential fit 
is  used  here  as  it  gives  the  best  fit  to  the  data  and  it  is  also  used  by  other 
researchers in studying the effect of vacuum pressure on the flexural strength of 
composites [5, 7, 13, and 24]. It can be seen that the exponential fit of the mean 
flexural  strength  decreases  simultaneously  when  the  vacuum  pressure  is 
decreasing.  
 
The findings also show that the scatter of flexural strength value increases with 
decreasing  vacuum  pressure.  As  lower  vacuum  pressure  produces  higher  void 
content, it can be assumed that the increase in scatter is due to the increase in the 
void content.  
 
 
Figure 58: The range and mean flexural stress with different vacuum pressures. 
 
In Figure 58, the flexural stress of the 90% vacuum pressure is slightly higher than 
the 100% vacuum pressure which is not expected. This abnormal result can be 
explained in two ways. Firstly, this could be because of the small difference in the 
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vacuum pressures between 90 and 100% that could cause the result of the average 
void content of the laminates to be similar. Consequently, a large difference of 
void  content  leading  to  difference  in  the  mechanical  behaviour  can  only  be 
achieved  by  comparing  vacuum  pressure  specimens  where  there  is  a  bigger 
difference, like for example using vacuum pressure specimens of   70 to 100% 
 
A second way of looking at these results is by considering the inhomogeneity of 
the void distribution. Samples of void content produced within the same laminate 
could show a big difference in void content. Initial void content analysis of one 
100% vacuum laminate is shown in Figure 59. Six specimens were used in the 
study (Samples 2, 4, 6, 8, 10 and 12 with their locations shown in Figure 60). The 
result shows that 57% of the specimens have below 1% void content and 87% of 
the specimens have void content below 2%. However, Specimens 6 and 8 have a 
significant difference in their void content. As a result, although the average void 
content of the laminates may be low, the flexural strength of the laminates may be 
higher than the laminates with a higher void content. This occurs, if the samples 
used in the mechanical test  have  a higher void content than the average  void 
content of a laminate. 
 
 
Figure 59: Graph showing void content in each specimen. 
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Figure 60: The schematic location of specimens 
 
5.3 The effect of voids on flexural strength 
From the discussion in Chapter 5.2, it shows that the void content may be different 
from one sample to another in the same test. Hence, to get the right void content to 
correlate with the bending test results, void content analysis is conducted 30 mm 
from the failure area as detailed in the methodology section. The void content 
analysis results are tabulated in Table 10. The standard deviation of each void 
content measurement is within an acceptable range as the difference between the 
standard deviation and the average is not very large. Compared to the void content 
analysis in Chapter 3, the value of COV in the flexural strength specimens is 
mostly  below  0.36  (except  for  specimen  90-1.2  and  specimen  70-1.5)  which 
means that there is a reasonable homogeneity for the void distribution in each 
sample. The value of 0.36 is discussed in the literature review section.  
 
The data in Table 10 is analysed to study the effect of void content on flexural 
strength. A graph is plotted to show the void content of each specimen versus the 
flexural  strength  (Figure  61)  of  the  specimens. Exponential  regression  is  used Chapter 5 
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from the trend line feature of Microsoft Excel. From the trend line it is apparent 
that an increase of 2% of voids resulted in the decrease of flexural strength by 
12.7%. The relationship agrees with several past observations of void-property 
relationship by researchers and this is indicated in Equation 3 (Chapter 2) [13, 29]. 
The fall in flexural strength due to voids in the composites for this study is similar 
to the one studied by Liu et al [137] which is 13.8% for every 2% increase in the 
void content. In Ghiorse’s [13] study however, the drop-off rate for the cross-ply 
laminate  is  20%  for  every  2%  increase  in  the  void  content.  For  the  four  ply 
unidirectional carbon/epoxy SPRINT
∗ materials in this study, the value of b for 
flexural  strength  is  found  to  be  0.053.  This  value  gives  the  laminate  strength 
reduction rate characterization, due to voids found in it.  The value of b for cross-
ply laminates in a study done by Ghiorse is 0.077 which means the unidirectional 
composite is less influenced by voids as compared to cross-ply laminates in the 
flexural loading. From the discussion in Section 2.1.4, the decrease in flexural 
strength is due to the reduction of the cross sectional area and an initiation of 
failure from large voids [15]. 
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Table 10: The void content of selected flexural static specimens 
 
Specimen No.  
Void content (%) 
Ultimate flexural 
stress (N/m2) 
image 
1 
image 
2 
image 
3 
image 
4 
image 
5 
average  minimum  maximum  range 
standard 
deviation 
coefficient of 
variation 
100-1.4  1.98  1.70  1.54  2.73  1.23  1.84  1.23  2.73  1.50  0.57  0.31  911.39 
100-6.2  1.35  0.95  1.67  1.17  1.08  1.24  0.95  1.67  0.72  0.28  0.22  1047.96 
90-1.2  3.09  2.57  0.96  1.14  2.90  2.13  0.96  3.09  2.13  1.01  0.47  1104.30 
90-4.4  4.48  3.40  2.68  1.54  2.43  2.91  1.54  4.48  2.94  1.10  0.38  985.46 
80-1.2  2.57  1.25  2.49  2.22  2.75  2.26  1.25  2.75  1.50  0.59  0.26  1179.98 
80-5.2  2.63  2.17  3.76  2.54  2.08  2.64  2.08  3.76  1.68  0.67  0.25  767.20 
70-3.4  3.42  2.13  3.54  2.69  4.57  3.27  2.13  4.57  2.44  0.92  0.28  1043.15 
70-6.2  4.29  4.65  2.69  3.80  2.50  3.59  2.50  4.65  2.15  0.96  0.27  835.82 
70-1.1  1.64  1.91  1.06  2.50  2.30  1.88  1.06  2.50  1.44  0.57  0.30  958.40 
70-1.2  2.96  3.61  3.08  2.89  2.46  3.00  2.46  3.61  1.15  0.41  0.14  940.60 
70-1.5  2.60  2.32  2.11  0.91  0.41  1.67  0.41  2.60  2.18  0.95  0.57  961.60 Chapter 5 
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Figure 61: The ultimate flexural stress vs. the void content for SPRINT
∗ materials.  
     (Exponential regression is shown). 
 
The trend line in Figure 61 is for the average void content vs. the ultimate flexural 
stress. The trend line between the maximum void content vs. the ultimate flexural 
stress is shown in Figure 62. The value of b (from Equation 3) is similar to the 
trend line for the average void content. 
 
                                                
∗ SP Systems trademark 
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Figure 62: The ultimate flexural stress vs. the maximum void content for SPRINT 
materials. 
 
5.4 Failure mechanism 
A  load-deflection curve  for  a  typical  specimen,  specimen  100-18  is  shown  in 
Figure  62.  This identifies  the  key  features  and  stages found  in  all  specimens. 
According to  Davidovitz et al [97], this  type  of curve is typical to high  fibre 
volume fraction composites. Davidovitz et al [97] also shows that there are two 
types of failure in the three-point bending test, which are the tensile mode and the 
delamination mode. The tensile mode failure is typical of a lower fibre volume 
fraction of composites while the delamination mode is typical of the higher fibre 
volume fraction. Figure 63 shows  the  failure modes. All the specimens tested 
display the delamination mode behaviour which is consistent with the volume 
fraction of fibres (50-60%). 
 
In addition, all  the  specimens show  a linear behaviour when  a certain load is 
reached and then the linearity wavers. There is a major drop after the ultimate load 
but not directly to the final failure. The load is seen to increase again due to the 
distribution of the load on other fibres that do not fail. However, when these fibres 
do not withstand the load, they break off and record a further drop in the load. 
There are several irregular regaining and dropping off of the load before the test is 
stopped. This transfer of load to other unbroken fibres is hypothesised by Zweben 
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flexural stress (N/m2))and Rosen [136]. Audible cracking noises occur with drops in load. After 3 or 4 
load  drops,  the  load  stays  constant  for  a  certain  amount  of  deflection  until 
delamination occurs and this is where, the test is stopped due to the far edge of the 
specimen reaching the upper part of the test rig. The constant load shows that the 
specimen can still withstand load even though a few minor failures have occurred. 
At  the  final  failure,  delamination  occurs  accompanied  by  an  audible  cracking 
sound.  
 
Figure 62: A typical load-
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and Rosen [136]. Audible cracking noises occur with drops in load. After 3 or 4 
load  drops,  the  load  stays  constant  for  a  certain  amount  of  deflection  until 
lamination occurs and this is where, the test is stopped due to the far edge of the 
specimen reaching the upper part of the test rig. The constant load shows that the 
specimen can still withstand load even though a few minor failures have occurred. 
final  failure,  delamination  occurs  accompanied  by  an  audible  cracking 
-deflection curve from the three-point bending static test
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load  drops,  the  load  stays  constant  for  a  certain  amount  of  deflection  until 
lamination occurs and this is where, the test is stopped due to the far edge of the 
specimen reaching the upper part of the test rig. The constant load shows that the 
specimen can still withstand load even though a few minor failures have occurred. 
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Figure 63: A typical load-deflection curve showing two types of modes [97] 
 
5.5 The effect of voids on the load displacement curve 
The typical loads versus deflection graphs for the 100 and 70% vacuum pressure 
specimens are shown in Figure 64 and 65, respectively. For the 100% vacuum 
panel, five specimens are tested: 100-35, 100-61, 100-62, 100-63 and 100-64. For 
the 70% vacuum pressure panel, another five specimens were tested: 70-11, 70-
12, 70-13, 70-14 and 70-15. In Chapter 4, the average void contents are recorded 
as 1.63 for 100% vacuum specimens and 2.89% for 70& vacuum specimens. 
 
With regard to this research, the void content is of utmost importance. This effect 
is demonstrated in Figure 66. It can be observed that for specimens with a lower 
void content, [Figure 66(a) and (b)], the displacement decreases immediately after 
a major drop in the load occurs. On the other hand for specimens with a higher 
void content [Figure 66(c) and (d)] there are several minor load drops before a 
final major drop takes place. This phenomenon is shown again in the acoustic 
emission analysis, which is discussed in Section 5.11. 
 Chapter 5 
102 
 
 
Figure 64: The load-deflection curve for specimens with a void ranging between 
0.1-1.8% (panel to panel variations) 
 
 
Figure 65: The load-deflection curve for specimens with a void range between 
1.3-3.0% (panel to panel variations) 
 
For  specimens  with  low  void  content,  there  is  a  point  where  displacement 
decreases with an increasing load (refer to the red circles in Figure 66). This is an 
odd occurrence because the crosshead motion is supposed to be in linear position 
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at 0.85 mm/min. The reason why this happens is due to the large decrease in load 
which  releases  a  force  that  builds  up  by  the  actuator  and  causes  a  sudden 
movement  of  the  crosshead.  However,  the  actuator  returns  to  its  programmed 
position  immediately  but  continues  applying  the  load.  This  phenomenon  only 
occurs in low void content specimens where the load drop is large. Chapter 5 
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Void content = 1.24%                 Void content = 2.64% 
              
    Void content = 2.91%                 Void content = 3.59% 
 
Figure 66: The typical load vs. the displacement curves. Chapter 5 
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Figure 67: Comparison between the highest strength specimen (specimen 714) and 
the lowest strength specimen (specimen 35) 
 
Figure  67  compares  the  stress-deflection  curves  between  the  highest  strength 
specimen  (Specimen  714)  and  the  lowest  strength  specimen  (Specimen  35). 
Again,  we  can  see  that  for  the  lowest  strength  specimen,  the  failure  is 
characterised by a few minor failures before the final failure. However, for the 
highest strength specimen, the specimen can sustain higher stress and needs one 
major catastrophic failure for the specimen to fail. Following this major stress 
drop,  the  stress  stays  approximately  constant  for  a  while  where  the  stress  is 
distributed to the unbroken fibres. This approximate constant stress is not seen in 
low strength specimens. The low strength specimens have a tendency to undergo a 
succession of small failures after the initial failure begins. This phenomenon is 
further characterised in Section 5.11. 
 
5.6  The  microscopic  mechanisms  of  the  three-point 
bending test failure 
The whole specimen fails due to a crack which initiates from under the loading 
roller and can be seen with the naked eye (Figure 68). The crack starts at the 
surface, underneath the roller and is perpendicular  to the unidirectional fibres. 
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This means that the failure of the specimen is caused by an excessive compressive 
stress, because under bending load the top surface is subjected to compression and 
the bottom surface is subjected to tension. As discussed in the literature review, 
the  compressive  strength  of  carbon/epoxy  composites  is  much  lower  than  the 
tensile strength. That is why the specimen fails by the initiation of a crack at the 
compressive surface. No failure is noticed at the bottom surface in any of the 
specimens. The failure mechanism proposed by Parry and Wronski [78] and Sato 
[97] is believed to have happened while conducting the test. As discussed in the 
section on literature review, failure mechanisms can be considered to occur when 
kinking  is  initiated  by  the  compression  beneath  the  loading  rollers,  and  then 
moving inwards to the centre of the specimen leading to delamination which is 
considered as the final failure mode of the specimens. These failure characteristics 
are shown in Figure 68 and the image here reveals that the specimen fails due to 
delamination and fibre fracture. 
 
It is difficult to confirm with certainty from the three-point bending test as to 
whether a crack under the roller or if an inter ply delamination occurs first. As 
discussed by  Cui et al  (1992),  it  is believed that the damage  under the roller 
should occur first as the sound of crack during testing is always accompanied by a 
load drop. It is unlikely that the damage under the roller occurs after a major load 
drop because the increase of load would be used to increase the delamination, 
rather than to generate a transverse crack under the roller which needs a high load. 
One way to resolve this is by characterising the delamination fracture toughness 
using the critical strain energy release rate. It is suggested that several tests can be 
conducted by using different qualities of laminate for a further study in this area. 
 
Cui et al (1992) further discussed the relation between the crack under the roller 
and the delamination. It is explained that the crack under the roller reduces the 
effectiveness of the thickness of the specimen resulting in an increase of the shear 
stress. The delamination only initiates when the shear stress reaches the shear 
strength of the specimen. 
 
Out of the two types of failure, void effects more on the delamination. All the 
samples irrespective of void content have cracks under the roller. It is unlikely that Chapter 5 
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the voids play a major role in this failure because the voids do not concentrate 
only  just  under  the  roller  but  also  at  other  locations.  On  the  other  hand, 
delamination may happen due to voids or matrix cracks which are caused by the 
flexural  load  [72].  The  causes  of  delamination  mentioned,  have  to  be  further 
investigated and this is discussed in the next section together with the effects on 
the damage of loading to predetermine values. 
 
 
 
 
 
 
 
Figure 68: The failure of the three-point bending specimen showing compressive 
damage from under the roller, propagating towards the middle of the 
specimen and the delamination starting from the crack. 
 
Compression side 
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Figure  69:  The  red  box  in  Figure  68,  showing  kinking  as  the  initiator  of  the 
compressive crack. 
 
5.7 Early stage failure identification 
From the results of the static tests it is clearly shown that a higher void content 
results  in  a  lower  flexural  strength.  To  study  the  effects  of  voids  on  failure 
mechanisms, a series of static tests are performed where the loading of each test is 
stopped at a certain load. 100 and 70% vacuum pressure specimens are used for 
this  study.  The  aim  of  this  study  is  to  investigate  the  role  of  voids  on  crack 
initiation and propagation.  
 
The specimen numbers with each final load are shown in Table 11 and 12. The 
load selected for each step is 0.6 kN, 0.8 kN and 1.0 kN. For the 100% vacuum 
pressure specimens there is an extra specimen (Specimen 100-3.5) included and 
for this specimen the load immediately is stopped on hearing a crack. This is taken 
as the first sign of failure.  
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Table 11: A stopped static test - 100% vacuum 
Specimen No.  Final load (kN) 
100-3.1  0.603 
100-3.2  0.809 
100-3.3  1.003 
100-3.5  1.040 (Stopped at first sign of failure) 
 
Table 12: A stopped static test - 70% vacuum pressure 
Specimen no.  Final load (kN) 
70-2.3  0.610 
70-2.4  0.816 
70-2.5  1.015 
 
After the test, the specimens are transversely cut at two positions using a diamond 
cutter. One is at about 1 mm from the site where the upper roller touches the 
specimen (loading position) and another about 2 cm to the left or to the right of 
the loading position and resulting in a specimen of 2 cm length for image analysis. 
The specimen for the image analysis is then cold mounted using epoxy resin and 
polished using the same procedure discussed in the image analysis section. The 
face of  the  specimen that is  analyzed  is the loading position face. The image 
analysis is done with an optical microscope. 
 
The microstructures of the specimens are studied using 50X magnifications and 
are  shown  in  Figures  71(a)-(d)  for  the  100%  vacuum  specimens  and  Figures 
73(a)-(c)  for  70%  vacuum  specimens.  The  cross  sectional  image  of  unloaded 
samples for the respective vacuum pressure is also shown in Figures 70 and 72. 
There are no cracks shown in any of the loaded samples. Detailed descriptions of 
each microstructure are given in Table 13. 
 
For the 100% vacuum specimens, the differences are clearly shown in Figures 
71(a)-(d)  and  it  is  observed  that  with  the  increasing  loads  the  sizes  of  voids 
become larger. However the same conclusion does not apply for the 70% vacuum 
pressure specimens. Even at low loads there are large voids already appearing in 
the  laminates.  The  void  content  analyses  are  performed  on  the  samples  to Chapter 5 
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investigate as to whether the voids tend to increase in them. The findings of this 
investigation are discussed in the next section. 
 
Table  13:  Detailed  description  of  tests  conducted  of  specimens  with                  
increased loads. 
 
Sample  Load  Description 
100-3.1  0.6 kN  The  load  is  about  half  way  before  the  initial  load 
drop. As expected, there is no crack detected in the 
cross  sectional  image.  At  this  stage  no  failure  is 
detected  as  demonstrated  in  the  acoustic  emission 
results in Section 5.11. 
100-3.2  0.8 kN  Referring  to  the  typical  load  deflection  curve  in 
Figure 62, it is expected that at 0.8 kN, an initial load 
drop is exceeded, as the average failure load of the 
specimen is about 1 kN. However, there is no sign of 
cracks in the cross sectional image. This is probably 
due to the load being still not high enough to reach 
the initial load drop or probably the image analysis 
cannot detect the failure mechanism at this stage. 
100-3.3  1.0 kN  Large  voids  are  seen  in  this  image.  It  cannot  be 
confirmed  if  these  voids  are  actually  cracks.  The 
edge of one of the voids appears to initiate a crack in 
it. 
100-3.5  Stopped when 
a crack is 
heard 
Failure does not show in the cross sectional image. 
70-2.3  0.6 kN  No  signs  of  cracks  are  seen  on  the  specimens. 
However, the number of voids is noticeably higher 
than the 100% vacuum pressure specimens. 
70-2.4  0.8 kN 
70-2.5  1.0 kN 
 Figure 70: An unloaded 100% vacuum pressure sample.
    (a) 100-3.1 
 
(c) 100-3.3 – Large voids are circled red
Figure  71:  The  microstructures  of  100%  vacuum  pressure  samples  with  an 
increasing load (all with 
load detail. 
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Figure 70: An unloaded 100% vacuum pressure sample. 
 
      
3.1            (b) 100-3.2 
     
Large voids are circled red    (d) 100-3.5 
Figure  71:  The  microstructures  of  100%  vacuum  pressure  samples  with  an 
 50X magnification). Refer to Table 13 for the respective 
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Figure  71:  The  microstructures  of  100%  vacuum  pressure  samples  with  an 
50X magnification). Refer to Table 13 for the respective Figure 72: Image of an unloaded sample for a 70% vacuum pressure specimen
 
(a) 70-2.3
 
Figure  73:  The  microstructures  of  70%  vacuum  pressure  samples  w
increasing load (all with 50X magnification). Refer to Table 13 for the respective 
load detail. 
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Figure 72: Image of an unloaded sample for a 70% vacuum pressure specimen
     
2.3           (b) 70-2.4 
 
(c) 70-2.5 
Figure  73:  The  microstructures  of  70%  vacuum  pressure  samples  w
increasing load (all with 50X magnification). Refer to Table 13 for the respective 
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Figure 72: Image of an unloaded sample for a 70% vacuum pressure specimen 
 
Figure  73:  The  microstructures  of  70%  vacuum  pressure  samples  with  an 
increasing load (all with 50X magnification). Refer to Table 13 for the respective Chapter 5 
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5.8 Void analysis with an increasing load 
Figure 74 shows the void content analysis of the 100% vacuum specimens tested 
with an increasing load, while Figure 75 presents the results of the void content 
analysis for the 70% vacuum pressure specimens. The void content for the 100% 
vacuum pressure specimens increases noticeably with higher loads applied on the 
specimens. This observation supports the theory that voids open up when they are 
loaded.  Specimen  100-3.2  (loaded  to  0.8  kN)  has  a  lower  void  content  than 
Specimen 100-3.1 (loaded to 0.6 kN). This is probably due to the void content 
variation from one sample to another. The void content of sample 100-3.2 is close 
to the average void content of an unloaded sample for the 100% vacuum pressure 
specimen, which is 1.7%. This result also suggests that there could be a certain 
critical load where voids open up. 
 
The void content of the 70% vacuum pressure specimens does not show any trend. 
This is probably because the void content of the 70% vacuum pressure specimens 
is already high in comparison with the 100% vacuum pressure specimens and so 
do not undergo much change  with an increase in load. 
 
 
Figure 74: Void content in specimens with an increasing load (100% vacuum 
pressure) 
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Figure  75:  Void  content  in  specimens  with  an  increasing  load  (70%  vacuum 
pressure) 
 
5.9 Evidence of voids opening 
We have seen  the microscopy images of  specimens with  different static loads 
applied on them. Under low magnification no cracks seem to be starting from 
voids.  In  this  section,  image  microscopy  at  a  higher  magnification,  showing 
interesting  images  is  presented.  The  figures  that  follow  show  some  of  the 
microstructures of the stopped static test, discussing the 100% vacuum specimens 
and continuing with the 70% vacuum pressure specimens. (Refer to Table 13 for 
the sample ID code). 
 
Sample 100-3.1, (Figure 76a) shows that voids are located in the resin rich areas 
where  they  are  joined  together.  Voids  of  this  nature  are  not  present  in  the 
unloaded specimen. Fracture of composites is known to involve void coalescence 
[72]  and  void  growth  [75].  The  microstructures  of  specimens  100-3.2  studied 
using  1000X  magnification  show  small  cracks  initiating  from  the  voids  and 
connecting them to other voids. Specimen 100-36 shows a crack connecting to a 
void. Based on these results it could be deduced that voids may act as initiators of 
cracks in composites and also help in the propagation of cracks. Specimen 100-3.3 
loaded until 1.0 kN shows two voids next to each other and it would be expected 
that voids this close to each other would eventually connect to cause bigger voids 
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when loaded further. Figure 76(e) shows big voids in specimen 100-3.5 and this is 
probably a combination of voids. 
 
For  the  70%  vacuum  specimens,  large  voids  are  seen  even  at  low  loaded 
specimens. However, the possibility of these voids to connect to each other cannot 
be discounted as there are only resin rich areas between these voids. Figure 77(c) 
shows large voids in specimen 70-2.5 which has been loaded to 1.0 kN. Probably 
these are the initial starting points for delamination. 
 
Figures 76 and 77 reveal large voids next to each other. Probably, with increasing 
load, voids start to connect to each other thereby, producing blunt cracks. These 
blunt  cracks  then  link  to  each  other  and  produce  the  final  failure  which  is 
delamination. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
(b) 100-3.2    
 
(d) 100-3.3 
Figure 76: A higher magnification of the loaded 100% vacuum specimens
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        (c) 100-3.6 
3.3         (e) 100-3.5 
Figure 76: A higher magnification of the loaded 100% vacuum specimens
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Figure 76: A higher magnification of the loaded 100% vacuum specimens Figure 77: A higher magnification of the loaded 70% vacuum specimens
 
From  the  images  provided  above,  we  can  observe  that  the  optical  image 
microscopy can reveal voids and damage in progress. However the optical image 
Chapter 
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(b) 70-2.4 
 
(c) 70-2.5 
Figure 77: A higher magnification of the loaded 70% vacuum specimens 
From  the  images  provided  above,  we  can  observe  that  the  optical  image 
icroscopy can reveal voids and damage in progress. However the optical image 
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microscopy is inadequate in studying the effects of voids on crack propagation as 
the optical microscope analysis involves destructing the materials which cannot be 
retested to examine the difference of before and after test. The sectioning process 
may destroy the crack or the polishing process may produce crack-like effect in 
the samples.  
 
5.10  The  X-ray  tomography  assessment  of  failure  in 
carbon/epoxy composites 
The  X-ray  tomography  is  a  non-destructive  technique for  obtaining  images  of 
internal microstructure of the material. The optical microscopy can reveal voids 
and  damage  progress  but  it  involves  in  the  destruction  of  the  materials.  The 
overall picture of failure is built on a sequence of sample testing where these 
samples may not be identical to each other. In the studies of fatigue and fracture of 
materials, X-ray tomography is of considerable value to monitor and to understand 
the micromechanical aspects of the crack initiation and growth. 2D images from 
the X-ray tomography can be treated the same way as images from the optical 
microscopy.  Studying  voids  using  the  X-ray  tomography  will  produce  better 
results since polishing could possibly create artificial voids or may even eliminate 
them. In this situation, the X-ray tomography investigation is uniquely interesting 
to be carried out. 
 
Figure 78, is a typical result of an x-ray tomography showing a 3D image and 
three  views  of  the  specimen  image.    These  images  are  taken from  Scan  3  as 
detailed in Table 4 in Chapter 3. The cross section view in Figure 78(b) shows a 
clear image of the voids and the crack paths, and the crack relationship to the 
surrounding  voids  are  reasonably  well  identified.  However,  the  fibres  and  the 
resin rich areas are not clearly resolved. Side view images from X-ray tomography 
are  much  better  than  the  optical  microscopy  images.  Side  views  from  optical 
microscopy are not clear due to the high reflection of fibres, as shown in Figure 
79. The X-ray tomography images provide a better contrast between voids and 
fibres. 
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            (d) 
Figure 78: the CT results of Scan 2 (details in Table 4 in chapter 3): (a) 3D image 
(b)  normal  cross-sectional  view  of  fibres,  (c)  face  side  of  specimen  (d) 
longitudinal side view of specimen. 
 
 
Figure 79: The side view using the optical microscope. 
 
Figure  80  shows  the  three-dimensional  geometry  of  delamination  and  matrix 
cracking. The grey value of the matrix is minimized to reveal the internal crack 
geometry. A schematic representation of the 3D volume and loading is shown by 
the small image. Several delaminations are shown extending from the main crack. 
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Figure 80: The volumetric reconstruction of a crack and delamination in Specimen 
5.8. 
 
The scanning that has been carried out is described in Chapter 3. The results for 
Specimen  8277-1  from  Scan  1,  2  and  3  are  shown  in  Figure  81.  Figure  81 
illustrates the differences in the same specimen of the before loading, the loading 
up to 462.8 N and the loading up to failure. The figure shows a large void about 
0.003 mm
3 volume, which is calculated by using the VGA software. It can be seen 
that the void is not involved in crack propagation. There is delamination at the ply 
interface and the void is seen not to be related to the delamination in any way. A 
side view of the specimen shows the location of the void which is 3.3 mm from 
the crack under the roller. This observation shows that not all voids are connected 
to cracks. Similar results are shown for specimen 8276-1 in Figure 82. Chapter 5 
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    (a) Before loading        (b) Loaded until 462.8 N    (c) Loaded until failure 
8277-1 
 
(d) 8277-1  A cross sectional image of the failure stage 
Figure 81: X-ray ct-scan images of before and after loading of specimen 8277-1 
 
 
 
  (a) Before loading      (b) Loaded until 950 N      (d) Loaded until failure 
8276-1 
 
Figure 82: Ct-scanned images of before and after loading of Specimen 8276-1. The black spots are voids.
3.3 mm Chapter 5 
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Table 14 shows another set of results of the longitudinal side view of the image. 
Specimen  5.8  is  tested  until  the  load  starts  to  drop.  In  the  longitudinal  view, 
(Table 14) it can be seen that a crack is starting at the surface of the specimen 
under the roller. In another specimen, Specimen 6.2 is static tested until failure. It 
can be seen that the crack under the roller for this specimen is catastrophic where 
a large void is visible before loading. This void is seen to initiate another crack 
and then connecting it to the crack under the roller.  
 
Table 14: The X-ray tomography images before and after loading in the static test 
   Before loading  After loading 
5.8 Static 
starting 
   
6.2 Static 
failure 
 
 
 
 
Circle in red is position of the 
crack connecting void  to the 
crack under the roller 
 
Figure 83 shows the cross sectional views. For specimen 5.8 where the test is 
stopped on load drop, it can be seen that there is an initial damage starting from 
the surface under the roller propagating towards the middle of the specimen and 
further propagating to the left and to the right of the specimen (Figure 83). This 
crack is seen to connect to the void. 
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    (a)              (b) 
Figure 83: (a) Specimen 5.8 before loading. Circle in red is marking a void that 
will be involved in a crack and (b) Specimen 5.8 after loading 
 
For Specimen 6.2 (in Figure 84) where static test is done until failure, a crack is 
seen to initiate from a void and propagating to the edge of the specimen. 
 
    (a)            (b) 
Figure 84: Specimen 6.2 (a) before and (b) after loading 
 
The X-ray tomography images show that cracks connect to voids. However, the 
resolution of the images is low which makes it hard to see small cracks. 
 
The objective of the image analysis of the failed specimens is to see whether voids 
have  any  effect  on  the  damage  of  the  specimens.  Results  from  the  acoustic 
emission (AE) analysis, which will be discussed in the next section shows, that the 
major failure that occurs during the static loading is the fibre failure. This fibre 
failure is shown in the longitudinal images of the specimen (Figure 69). Due to 
fibre  breakage,  the  specimen  becomes  weak  and  a  major  catastrophic  failure 
occurs at the end of the test. These fibre failures however, cannot be detected by 
the cross section images of the specimen.  
 
From the cross sectional images, we have seen that the failure of the specimen is 
an  unobserved  failure  mechanism.  Based  on  this  and  Richard-Fransen  and 
Narheim’s [41] work, it can be concluded that failure in carbon/epoxy composites 
is  not  controlled  by  initiation  and  growth  from  a  specific  failure,  but  it  is 
controlled by  a critical amount of fibre fracture. This fibre fracture cannot be 
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detected by the microscope analysis. However, as the amount of this fibre fracture 
increases, the final failure occurs suddenly and has a catastrophic effect. 
 
5.11 The acoustic emission and failure mechanism 
The acoustic emission is used to gain the understanding of the mechanism of the 
static and fatigue failure of CFRP. The three-point bending test with the acoustic 
emission data acquisition equipment is performed on two different qualities of the 
unidirectional composites. Three samples are used to assess void content with an 
additional five images taken along the lengths of each sample. 
 
Table 15 depicts void contents of high quality samples. The average void content 
for the panel is 1.95%. 
 
Table 15: The Void content for high quality samples 
Specimen  Void content (%) 
H5A  2.68 
H1A  1.54 
H5B  1.62 
 
Table 16 shows the void content of low quality samples. The average void content 
for the panel is 9.04%. 
 
Table 16: The void content for low quality samples 
Specimen  Void content (%) 
L8A  9.74 
L7A  6.93 
L7B  10.4 
 
The acoustic emission tests are carried out on six low quality and seven high 
quality  specimens.  Further  tests  are  employed  on  six  70%  vacuum  pressure 
SPRINT
∗ specimens and one on each specimen 8276 and 8277 respectively. 
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The  amplitude  and  the  event  energy  are  the  main  parameters  analyzed.  It  is 
generally accepted that the events with amplitude between 40-50 dB correlate to 
the matrix cracking, the events between 50-80 dB correlate to rubbing and the 
events above 80 dB are attributed to the delaminations. Attributes such as the rise 
time and the duration of the events are investigated to gain an understanding of the 
failure mechanisms.  In this section, the static tests results are presented. 
 
Figure 85, shows the load curve and the corresponding cumulative hit counts of 
the events of the acoustic emission. The load curve starts with a linear trend and 
the acoustic events only appears after the specimen reaches the maximum load. 
This data shows that there is no failure event before the maximum load of the test 
is reached. This is why there are no cracks detected in the cross sectional images 
for specimens loaded before the maximum load (as presented in Section 5.8: The 
void analysis with an increasing load). 
 
 
Figure 85: A typical load curve and the cumulative hit counts of events 
Load curve 
Cumulative 
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There are differences between the acoustic emission events occurring for the low 
void content and the high void content composites. The first aspect to be analysed 
is the event energy that takes place while testing. The failure mechanisms that 
occur during a test can be easily divided by the energy released during the event. 
The high energy event represents the emission due to fibre breakage while the low 
energy event represents the fibre-matrix debonding and the matrix cracking [76]. 
Figures 86 and 87 show the acoustic emission energy plotted against the event 
duration for Specimen H15A (1.95% an average void content) and Specimen L9A 
(9.04% an average void content).  
 
 
Figure 86: The duration vs. the energy for a high void content specimen 
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Figure 87: The duration vs. the energy for a low void content specimen 
 
It can be seen from the comparison of these graphs that the events causing failure 
of the specimens differ among specimens tested. The results from the high void 
content specimen show many low energy-high duration events (circled in Figure 
86). The high duration events (>400 µs) indicate excessive cracking and rubbing 
[63]. 
 
The  low  void  content  specimens  show  fewer  events  of  the  high  duration-low 
energy. The specimen has more high energy events (circled in Figure 87) which 
indicates major failures such as fibre breakage.  
 
From these two graphs, it can be seen that the high void content specimens fail by 
the  low  energy  damage  failures  while  the  low  void  content  specimens  can 
withstand these low energy events and fail by the high energy events. Following 
the classification by Siron and Tsuda [138], an event with the duration above 
10,000 µs is correlated with large delamination cracks.  These are in agreement 
with the test conducted in this study where the final event for the low void content 
specimen (shown in Figure 87) is largely with delamination. 
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Figure  88:  The  amplitude  vs.  time  vs.  the  load  graph  for  a  low  void  content 
specimen 
 
Further information regarding the failure mechanism is obtained by analysing the 
amplitude  of  the  events.  Figure  88  shows  the  load  curve  and  the  occurring 
amplitude of each event (displayed as dots). Both data are plotted against time. At 
the section where the load is increasing uniformly, there are only low amplitude 
events that suggest that these events are caused by the matrix cracking and the 
fibre/matrix debonding. The high amplitude events can be seen to correspond to a 
load  drop.  The  acoustic  emission  characteristics  of  the  fibre  breakage  event 
consist of high amplitude, a high duration and a low rise time. Event 1 shows this 
characteristics, where the rise time is 8.4 µs and the duration of 1935.2 µs which 
can be assumed as a fibre breakage event. 
 
After the initial fibre breakage, the load continues to increase to its maximum and 
after which a sudden huge drop of load occurs. Event 2 has a rise time of 0.2 µs 
and the duration of 26483.2 µs which clearly suggests the occurrence of fibre 
breakage.   
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Figure 89: The amplitude  vs. time  vs. the load graph for a  high void  content 
specimen 
 
Such similar failure mechanisms can be seen to occur from the AE data in a high 
void content specimen in Figure 89. The initial drop in load corresponds to the 
events in low rise times and long durations which show that fibre breakage has 
occurred.  It  is  rather  unusual  for  the  event  correspond  to  the  load  drop  after 
maximum load (Event 1 in Figure 89) is of low amplitude. But the event is of a 
long duration, with a low rise time and with high energy which confirms that 
failure is caused by the fibre breakage. 
 
1 
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Figure 90: Energy vs. time vs. the load graph for a low void content specimen 
 
 
Figure 91: Energy vs. time vs. the load graph for a high void content specimen 
 
The amplitude versus time results of the low and high void content show a similar 
pattern  of  behaviour.  However,  in  studying  the  acoustic  energy  event,  it  is 
observed that significant differences exist between the low and high void content 
specimens.  For  the low void  content specimens, the high  energy  events  occur 
during a drop in the load as shown in Figure 90 (high energy events are circled in 
the figure). Low energy events occur throughout the test. The high energy event is Chapter 5 
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fibre breakage while the low energy events are fibre/matrix debonding and matrix 
cracking. The high void content specimens show different behaviour in the energy 
versus time graph (shown in Figure 91). The energy released during the failure 
event is lower in the high void content specimens as compared to the ones with 
the low void content. 
 
From the analysis of the acoustic emission events, the failure mechanisms can be 
determined. It is found that the high void content specimens fail by low energy 
events  which  are  attributed  to  the  cracking  of  the  matrix  and  fibre/matrix 
debonding, while the low void content specimens are able to sustain high stress 
and fail under high energy events which are associated with fibre breakage. This 
shows that the presence of voids affect more matrix cracking and fibre/matrix 
debonding than fibre breakage. 
 
From the optical micrograph images we have seen that the failure of specimens 
especially  for  the  low  void  content  specimens,  is  an  unobserved  failure 
mechanism. This is confirmed by the acoustic emission results where the low void 
content specimens only fail due to fibre breakage, which is why it is hard to detect 
matrix cracks in the high void content specimens using the optical microscopic 
analysis. 
 
The  failure  of  the  composite  material  has  been  studied  using  the  optical 
micrograph,  the  X-ray  CT-scan  and  the  acoustic  emission.  The  optical 
micrographs of specimens which are tested with increasing load show no cracks 
that connect to voids. However the 100% vacuum specimens show a higher void 
content in the higher load which suggests voids opening up during loading. 
 
Analyzing  image  microscopy  comparison  results,  proved  inconclusive  as  it  is 
done  using  different  specimens  due  to  the  destructive  nature  of  the  specimen 
preparation. Hence, studying failure using X-ray CT-scan has proven helpful in 
comparing before and after loading for the same specimens. X-ray CT-scan results 
have shown that cracks do run through voids. However, not every void influences 
crack propagation as some cracks do not go through voids. The results of the 
acoustic emission test have shed light on the failure mechanism of the composites. Chapter 5 
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The failure of the specimens is dominated by fibre breakage. This fibre fracture 
cannot be detected by the microscope analysis and X-ray CT-scan, therefore the 
failure  of  the  composites  is  considered  to  be  a  sudden  nature.  The  acoustic 
emission data has also proved to be useful in comparing the behaviour of the low 
and high void contents. A significant difference in the failure behaviour between 
the low and high void content specimens can be seen clearly. 
 
5.12  Comparison  between  the  four-point  bending  and 
three-point bending tests 
The aim of this work is to compare the two methods in studying the flexural 
properties  of  the  composite  materials.  The  main  concern  of  the  three-point 
bending testing mode is the high stress concentration effect of the loading roller. If 
a void is located under the roller, the strength will be greatly reduced compared to 
a similar void located elsewhere. The prepreg specimens used in this study are 
8267 and 8277 (details in Chapter 3). 
 
5.13 The four-point bending static results 
The  results  for  three  and  four-point  static  bending  for  prepreg  laminates  are 
summarized in Table 17. It can be seen that the strength measured is dependent on 
both  the  type  of  bending  and  the  mechanical  properties  of  the  material.  The 
flexural strength under the four-point bending is approximately 20% higher than 
that of three-point bending for both qualities of materials.  
 
The higher results under the four-point bending can be explained as follows. Due 
to  concentration  of  the  load  at  the  centre  of  the  specimen  in  the  three-point 
bending test, the failure is catastrophic with little damage progression as compared 
to the failure of the four-point bending tested specimens. Also, these four-point 
bending specimens are subjected to constant bending movements between the two 
top loading points and their failure is purely due to the bending stress. Therefore, 
the flexural strength of the four-point specimens is higher than that of the three-
point specimens (Table 17).  
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It can also be seen that the increase in void content has decreased the average 
flexural strength of the samples. 
 
There are no signs of roller damage in the four-point bending samples unlike the 
failure of the three-point bending samples. The delamination between plies is very 
evident and is obviously the main failure mode.  
 
The rate of strength reduction between the three-point bending and the four-point 
bending calculated from Table 17 is almost similar. For a 3.2% increase in the 
void  content,  the  flexural  strength  from  the  three-point  bending  decreases  by 
19.2% while for the four-point bending, it decreases by 14.2%. This therefore 
means that the void content does not seem to play a role any bigger in the three-
point bending as compared in the four-point bending since the percentage of the 
decrease in each case is about the same for both qualities of materials. This result 
also explains that, although the stress concentration from the loading roller does 
affect  the  stress  results  in  the  three-point  bending  test,  the  voids  however, 
undeniably also play a role in the failure mechanism. 
 
In comparing the flexural strength results between the three-point and four-point 
bending  tests  it  is  found  that  they  both  produce  similar trends  but  however  a 
comparison  of  the  four-point  bending  results  between  the  low  and  high  void 
content specimens, highlights some interesting issues. The standard deviation and 
coefficient values are shown in Table 17 for the four set of tests conducted. For 
Sample 8266, which is the low void content specimen, the values of the standard 
deviation and coefficient of variance is fairly similar between the two types of 
tests. This means that the randomness of voids affecting strength is comparable to 
the one in the low void content specimen. For Specimen 8267, which is the higher 
void  content  specimen,  the  standard  deviation  and  the  coefficient  of  variance 
values are significantly different between the two types of tests. These results 
probably show that the higher void content specimens contain a higher range of 
void types which in turn introduces a higher occurrence of random data.  
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Table 17: Three-and four-point bending static test results 
Test 
Type 
Specimen 
Num.  
Ultimate Failure 
Load (N) 
Flexural Stress 
(MPa) 
3 Point - 
8266 
material 
(v.c. 
3.6%) 
6311  1024.0  803.0 
6312  1096.3  938.7 
6313  1095.2  856.6 
6314  1134.5  916.9 
6315  1246.8  1047.6 
   Mean  1119.4  912.6 
   Standard Dev.    82.5 
Coefficient of variation     0.09 
4 Point - 
8266 
material 
(v.c. 
3.6%) 
611  1423.6  1140.7 
612  1356.1  1151.5 
613  1428.8  1272.3 
614  1344.8  1177.3 
615  1252.1  969.3 
   Mean  1361.1  1142.2 
   Standard Dev.    98.1 
Coefficient of variation     0.09 
3 Point - 
8267 
material 
(v.c. 
6.8%) 
7311  1029.0  833.5 
7312  928.8  701.6 
7313  842.3  646.8 
7314  981.9  814.7 
7315  846.1  688.9 
   Mean  925.6  737.1 
   Standard Dev.    73.5 
Coefficient of variation     0.1 
4 Point - 
8267 
material 
(v.c.6.8%) 
711  1160.9  946.3 
712  1113.7  975.5 
713  1059.8  983.1 
714  1069.0  927.2 
715  1239.1  1066.4 
   Mean  1128.5  979.7 
   Standard Dev.    47.8 
Coefficient of variation     0.05 
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5.13.1  Comparison  between  the  three-point  bending  and  the 
four-point bending load-deflection graph  
From  Figure  94,  we  can  see  that four-point  bending  test  specimens  reach  the 
maximum load faster than specimens of the three-point bending test. Also the 
maximum loads for the four- point bending tests are higher than the three-point 
bending tests. Interestingly, Specimens 613 and 615 from the four-point bending 
tests show an increase in load although both specimens already have several load 
drops (as shown in Figure 93). This could probably be due to the absence of a 
high concentration load in the four-point bending test. In the three-point bending 
test, the high concentration load of the single loading roller produces a crack on 
the surface under the roller. This crack reduces the effectiveness of the thickness 
of the three-point bending specimen to resist the flexural load. 
 
 
Figure 92: The three-point bending load vs. the deflection curve for the prepreg 
specimens 
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Figure 93: The four-point bending load vs. the deflection curve for the prepreg 
specimens. 
 
 
Figure  94:  A  diagram  of  the  load-deflection  of  the  three-point  and  four-point 
bending tests. 
 
For the three-point bending test, the high concentration load from the single roller 
produces catastrophic failure (as shown in Figure 92) while for  the four-point 
bending test; the specimen is still strong although it underwent several load drops. 
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In  summary,  the  composites  show  better  performance  under  the  three-point 
bending than the four-point bending test in terms of the maximum load it can 
withstand.  However  in  the  three-point  bending  test,  the  single  roller  loading 
causes catastrophic failure. 
 
Comparisons between the three-point bending and the four-point bending tests 
have shown that the voids still play a role in the failure mechanism of the three-
point bending test, although there is stress concentration from the loading roller. 
The results show that stress concentration from a single roller in the three-point 
bending test has less effect, compared to the effect of the void content. The fact 
that the strength of the composites decreases at the same rate between the three-
point bending and four-point bending tests proves this point. 
 
5.14 Summary 
The  initial  objective  of  the  static  three-point  bending  test  is  to  determine  the 
maximum load on the composites and use it in the fatigue test experiments. In 
addition to this, studies on acoustic emission are carried out in conjunction with 
the static test and microscopy image analysis and X-ray tomography analysis on 
the failed specimens and specimens stopped during the static test. As a result, the 
static tests have also given other valuable results that can be used to understand 
the effect of voids on the mechanical behaviour of the composites.  
 
From the experiments performed in this section, the following conclusions have 
been made: 
1.  Image analysis done on loaded samples at a location close to the loaded 
area has given a representation of void content at the point of fracture. 
Void content measurement of the three-point bending specimen with void 
content ranging from 1% to 3% shows that an increase of 2% of voids 
resulted in the decrease of 12.7% of the flexural strength. These results are 
in close agreement to those of Liu et al [137] and Ghiorse [13] where both 
used  the  unidirectional  carbon/epoxy  composites  as  their  test  samples. 
Again, this study confirms previous studies that a small difference in the 
void  content  results  in  a  substantial  reduction  in  the  mechanical Chapter 5 
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performance. As a result, voids have to be considered as a major factor in 
producing high quality composites. 
 
2.  When  the  range  of  void  contents  increases  (in  70%  vacuum  pressure 
specimens)  the  scatter  in  flexural  strength  also  increases.  This  shows 
higher vacuum pressure specimens produce better consistency composites. 
 
3.  The static three-point bending test shows that the composite materials can 
withstand a ramped load without any failures until a maximum load is 
reached, after which the load decreases with several internal failures until a 
final catastrophic delamination occurs. This is confirmed from AE studies 
which show that the low amplitude events occur right before the initial 
failure and the amplitude and number of events increase until the final 
failure. 
 
4.  The 4-ply unidirectional carbon/epoxy composites loaded in a three-point 
bending test failed due to a crack initiating from underneath the roller. 
This crack grew towards the centre of the specimen and then initiated the 
delamination that grows either to the left or to the right of the specimen. 
Acoustic emission studies have confirmed that the main type of failure is 
the fibre breakage.  
 
5.  A strong correlation is present between the ways the specimen fails in the 
load-deflection curves and acoustic emission results. Catastrophic failures 
occur  in  specimens  with  a  low  void  content  while  for  the  high  void 
content, the failure occurs early with several minor failures before the final 
failure.  The  reasons  behind  this  being  the  absence  of  voids  and  the 
breakage of fibre at higher loads. For a high void content, the void initiates 
failure but due to the lower load, most of the fibre can still withstand the 
load until the load is high enough for the final failure. 
 
6.  AE is a viable tool to study and correlate void content and mechanical 
behaviour of the composites. In the two different void content specimens; 
duration versus energy graphs and energy versus time graphs are shown to Chapter 5 
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be  significantly  different.  The  low  void  content  specimens  experiences 
high energy events relating to severe and sudden fibre breakage. 
 
7.  The X-ray tomography and the optical microscope images have shown that 
cracks are seen to connect to voids; however voids located near the surface 
do not interact with the cracks. This is due to a higher stress located in the 
middle  of  the  specimen.  The  X-ray  images  have  confirmed  that  voids 
create weak areas in laminates which then result in delamination. 
 
8.  In terms of crack initiation, several tests have been conducted to study the 
involvement of voids and cracks. These tests involve the use of the optical 
microscope,  the  acoustic  emission  and  the  x-ray  tomography  by  using 
failed  and  also  stopped  static  specimens.  Acoustic  emission  data  has 
shown significant difference between the low and the high void content 
which shows the influence of voids on failure. The optical image analysis 
and the X-ray tomography results have shown cracks that connect to voids. 
However, there is also the case where cracks do not go through voids or 
resin rich areas. 
 
9.  Comparisons between three-point and four-point bending tests have shown 
that the effects of voids are similar in the two types of tests. Chapter 6 
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CHAPTER 6 
 
THREE-POINT BENDING FATIGUE 
 
 
 
 
In the previous chapter, the static three-point bending properties of composites 
have  been  discussed  and  one  of  the  objectives  of  that  study  is  to  obtain  the 
maximum flexural stress of the composites which can then be used in the fatigue 
test programme. This chapter provides an overview of the results obtained from 
the flexural fatigue tests that were carried out. This research aims to understand 
the mechanism of the fatigue of the carbon fibre composites and relate them to the 
characteristics of voids in composites. The fatigue properties of composites will 
also be discussed and the focus in this case will mainly be on the presence of 
voids. As outlined in the methodology section, the void content varies due to the 
different  methods  of manufacturing.  The contribution  of voids on  the  bending 
performance  of  composites  is  investigated  using  the  optical  microscope,  the 
acoustic  emission  and  the  X-ray  tomography.  The  failure  modes  are  also 
examined and determined. 
 
6.1 The effects of vacuum pressure on the flexural fatigue 
strength 
As discussed in Chapter 4, laminates are prepared by applying different vacuum 
pressures during manufacturing to produce different void contents in laminates. In 
this section, the flexural fatigue test results from the three laminates prepared for 
this procedure are analysed and discussed. 
 
Table A6 in Appendix A provides the results obtained. The SN curves for the 
SPRINT
∗ laminates are shown in Figures 95 to 98. The slope of straight line, best 
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fitting the experimental data has been used by some authors to quantify the fatigue 
sensitivity  of  composites  [59,  116].  Figure  99  shows  the  curves  of  the  four 
different vacuum pressures using a logarithmic regression in the region of 10
2 to 
10
6 cycles. This region often follows a linear law with an equation as follows: 
bLogN a
ult
− =
σ
σ max               (14) 
 
 
Figure 95: The maximum stress vs. log cycles to failure for 70% vacuum pressure 
specimens (average void content of 2.89%) 
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Figure 96: The maximum stress vs. log cycles to failure for the 80% vacuum 
pressure specimens (average void content 2.71%) 
 
 
Figure 97: The maximum stress vs. log cycles to failure for the 90% vacuum 
pressure specimens (average void content 2.51%) 
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Figure 98: The maximum stress vs. log cycles to failure for the 100% vacuum 
pressure specimens (average void content 1.63%) 
 
 
Figure 99: Comparison of trend lines for the different vacuum pressures. 
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The value of b (from Equation 14) shown in Table 18 is considered as the fatigue 
sensitivity value of the material. From the value of b, it can be seen that fatigue 
sensitivity is not a function of the vacuum pressure. Minimum fatigue sensitivity 
is observed in the 100% vacuum pressure specimens, while the maximum fatigue 
sensitivity is found in the 70% specimens. However the 80% vacuum pressure 
specimens have lower fatigue sensitivity than that of the 90% vacuum pressure 
specimens. This may indicate that some of the 90% vacuum pressure specimens 
have higher void contents than the 80% vacuum pressured specimens. Due to the 
small  difference  of  the vacuum  pressure  which  is  between  the  80%  and  90% 
specimens, it is reported in the void contents section that the average void contents 
of  the  80%  and  90%  vacuum  pressure  specimens,  do  not  show  a  marked 
difference. In Chapter 4, the void content for 90% vacuum pressured specimens is 
2.51% while for 80% it is 2.71%. 
 
Table 18: Values of a - b from Equation 14 for different vacuum pressures. 
Vacuum pressure (%)  a  b 
70  100.6  1.26 
80  98.0  0.78 
90  96.7  1.00 
100  96.0  0.77 
 
The range of the failure cycles from the three-point bending fatigue tests at 80% 
of the ultimate loads is shown in Figure 100(a). When comparing this graph with 
the flexural strength versus the vacuum pressure graph, (Figure 100(b)) it is found 
to indicate that the void content affects fatigue strength more than it affects the 
static strength. It has been observed by Almeida and Neto [7] that voids have 
more effects on fatigue strength compared to static strength. 
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Figure 100 (a): Log no.  of cycles against  the  vacuum pressure cycles at 80% 
maximum load  
                                        
 
Figure 100 (b): Comparison of the static flexural strength and the fatigue strength 
vs. the vacuum pressure. 
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6.2 Fatigue damage accumulation 
The fatigue damage accumulation is studied by monitoring the deflection of the 
samples  while  running  the  fatigue  tests.  The  tests  are  performed  under  load 
control  and  degradation  of  the  specimens  is  monitored  by  the  deflection 
measurements. The result shown in the graph (Figures 101 and 102) is the relative 
deflection (%), i.e., the deflection at the first cycle divided by the  deflection of 
cycle N, as a function of the normalized number of cycles (%), i.e., the number of 
cycles divided by the number of cycles to failure. The percentage of life at which 
fatigue degradation occurs can be determined from these curves. The number of 
cycles to failure of the sample is shown in Tables 19 and 20. Also shown is the 
standard deviation of each vacuum pressure, which is in the same order for each 
specimen. This shows that the fatigue cycle results are within a reasonable range 
with the mean. 
 
 
Figure 101: the relative deflection as a function of the number of cycles  
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Figure 102: The relative deflection as a function of the normalized number of 
cycles 
 
 
 
 
Figure 103: Three stages of damage in the three-point bending fatigue test. 
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Table  19:  The  number  of  cycles  to  failure  for  the  100%  vacuum  pressured 
specimens 
Specimen  No. of cycles to failure 
63  10301 
66  219355 
67  Stopped at 362213 
68  448212 
Average  225956 
Standard 
deviation 
219030 
 
Table 20: The number of cycles to failure for the 70% vacuum pressure specimens 
Specimen  No. of cycles to failure 
45  31404 
46  46701 
47  216580 
48  10690 
52  2347 
53  2265 
Average  51664 
Standard 
deviation 
82685 
 
The majority of the curves in Figures 101 and 102 show the typical three-stage 
continuous damage development of the composite fibres [88]. Figure 103 is an 
example of this behaviour. The first stage is short showing a progressive increase 
of deflection which can be regarded as the fatigue damage initiation stage. This is 
followed by the second stage which relates roughly to a plateau, which continues 
over an important period of the fatigue life. The second stage is followed by the 
third stage in which the deflection increases quickly towards fatigue failure. It can 
be seen that the fatigue initiation begins almost immediately, and the onset of 
stage three can occur unexpectedly without any signs of a progressive mode of 
fracture. The curves can be termed as ‘sudden death’ behaviour [122], where the 
deflection does not increase until the impending failure. As stated by Curtis [123], Chapter 6 
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this  type  of  loss  in  strength  is  usual  in  polymer  composites  and  this  is  also 
observed in the tension fatigue tests [124] and the compression fatigue tests [125]. 
These reactions show that the flexural fatigue of the specimens is governed by the 
matrix behaviour since the carbon fibres are not sensitive to the fatigue loading. 
 
As the tests are performed under load control, it is observed that the deflection of 
the  specimens  increases  with  the  number  of  cycles.  Thus,  the  increase  in  the 
deflection  in  this  test  can  be  correlated  with  the  decrease  in  stiffness  of  the 
specimens. It has been established that the stiffness of many fibrous composite 
laminates degrades early in their fatigue life span [126].  
 
Specimens  70-4.6,  70-4.8  and  100-6.3  do  not  follow  the  three-stage  damage 
development. As the applied stress is the same for all the specimens (90% of 
maximum static stress), it can be concluded that the fatigue damage for these 
specimens depends on the defects in them. The graphs suggest that the fracturing 
of a composite is a continuous and unobserved process of degradation.  
 
The failure mode of the composites can be detected using the acoustic emission 
analyses. A typical AE result from the fatigue test is shown in Figure 104. It is 
generally  accepted  that,  events  with  amplitude  above  80  dB  are  due  to  the 
occurrence of fibre breakage. It can be seen that the sudden increase in deflection 
corresponds to a high amplitude event which is fibre breakage. The AE result 
shows that the major failure during loading is fibre breakage. 
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Figure 104: Typical AE results from a fatigue test. 
 
The load-deflection behaviour demonstrated by the specimens in this test confirms 
findings of previous studies by various researchers [40, 70, and 91]. For example 
Richards-Frandsen and Naerheim [41] conducted the three-point bending fatigue 
tests at 10 Hz and R = 0.05.  Most samples failed by the delamination, which takes 
place from 70 to 75% of the fracture surface. The samples are then pulled apart 
and the failure surfaces are studied using the SEM. The failure surfaces show no 
signs of continuous microscopic damage development around the defects and the 
numbers of fatigue cycles necessary for failure to occur varies.  From the observed 
failure  morphology  and  in  combination  with  the  loading  history,  the  fatigue 
lifetime appears to be controlled by a critical amount of damage rather than the 
crack initiation and growth to failure from a specific defect. The critical amount of 
damage is considered to be from the growth of the sub-microscopic cracking. For 
example, a much localized fibre/matrix debonding and defect induce cracking, 
which takes place at many locations and therefore, weakens the material. After a 
critical amount of damage occurs, the material can no longer continue to carry the 
load and the sample fails catastrophically. It is likely that the critical total crack 
size for the catastrophic failure is present before loading due to the occurrence of 
voids. Thus, defects are believed to be part of the fatigue damage.  
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Richards-Frandsen and Naerheim [41] further concluded that the critical amount 
of  damage  explains  the  failure  to  see  continuous  microscopic  damage 
development  in  the  region  of  defects  and  it  also  explains  the  early  failure  of 
samples having large void regions. 
 
The unnoticed process of degradation is also explained by Harris [70]. Due to the 
brittle nature of the carbon fibres, the scatter in measured strengths of the carbon 
fibres is fairly large. Therefore when a composite structure is loaded, some of the 
weaker fibres start to break at low cycles, the stress carried by these fibres is 
transferred back into the matrix and, later, into the nearby broken fibres. Thus the 
fracturing of a composite is a continuous, unobserved process of degradation. 
 
6.3 Fatigue mechanism 
The three-point bending fatigue failure mechanism is studied using microscopic 
techniques. All failure is initiated at the compressive surface by the fibre fractures. 
This is because the compressive strength is much lower than the tensile strength 
[50, 127]. Kinking is observed in the compression area beneath the loading rollers 
in consistent with the work of Parry and Wronski [78] (Figure 105). The kink 
eventually leads to the formation of an interlaminar crack (Figure 106). 
 
Failures developed by the successive breakage of the adjacent layers of fibres to 
form  a  blunt  crack  which  is  propagating  towards  the  tensile  surface.  Two 
examples are shown in Figure 108. Several failure characteristics reported in the 
literature are observed. Sample 70-3.5 (Figure 106) shows characteristics of the 
compressive or the shear failure modes as demonstrated by Falchi and Gracia [95] 
and  Bader  and  Johnson  [83],  while  sample  70-6.4  (Figure  109)  shows 
characteristics of the microbuckling fracture as reported by Miyano et al [98].   
 
Final failure occurs when the specimen delaminates. The delamination initiates 
from a crack and propagates either to the left or to the right of the specimen 
(Figure  110). There is no specific location for  the delamination to occur.  The 
fatigue samples rarely broke into two pieces by the delamination. In general, the 
delamination failure ends close to one of the two bottom rollers, and only in a few Chapter 6 
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specimens  on  both  sides  of  the  loading  roller.  In  some  specimens,  the  crack 
continues  up  to  the  edge  of  the  specimen  while  samples  with  manufacturing 
defects  will  have  a  different  failure  progression,  for  example  samples  70-3.3 
(Figure 107) and samples 100-5.2 (Figure 111) which shows a crack propagating 
from the delamination in the middle of the samples.  
 
These microstructures show that there are instances of the   delamination initiating 
from a crack and there is also delamination that induces other cracks. The crack 
that starts from the delamination shows that the specimen is still strong although 
there is delamination in it because the load is distributed by the fibre fracture 
rather than the delamination. From all these factors, it can be suggested that the 
development of damage starts from defects. The material may have a high fatigue 
life if there are no defects inside the laminate. These flexural fatigue test results 
illustrate the sensitivity of the composite materials to defects. Additional side view 
images of the fatigue specimens are attached in Appendix B. 
 
 
Figure 105: The side view image showing the initial failure event. 
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Figure 106: Sample 70-3.5 shows the kinking under the roller area and a crack 
propagating  from  a  delamination.  Compressive  or  shear  failure 
modes and interlaminar crack starting from kinking are also shown in 
the image. 
 
 
Figure 107: Sample 70-3.3 shows the interlaminar crack initiating from the fibre 
fracture. 
 Figure 108: The side view of 
crack propagating towards the tensile side
 
Figure 109: Sample 70-6.4 show
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t bending fatigue failure shows a large 
 Chapter 6 
157 
 
 
Figure 110: Sample 100-5.1 shows delamination starting from a crack. 
 
 
Figure 111: Sample 100-5.2 shows a crack starting from delamination Chapter 6 
158 
 
6.4 Effects of voids on fatigue mechanism 
It has been proved by previous researches [128] that samples with manufacturing 
defects  such  as  voids,  discontinuous  and  misaligned  fibres  will  have  failure 
initiating from the defects, for example as shown in Samples 70-3.3 (Figure 107). 
In sample 70-3.3 failure initiates from defects inside the laminate. This section 
will focus on the fact that the voids do affect the fatigue cracks. 
 
Figures 112 and 113 show a laminate after the flexural fatigue test confirmed that 
a transverse crack starts from voids. However not all cracks run through voids. 
Figure 113 shows the longitudinal cracks and the transverse cracks. The transverse 
cracks are seen to connect with the voids. However, the longitudinal cracks do not 
run through the voids or the resin rich areas. The observation so far provides some 
evidence that voids are sites for the failure initiation. From the interaction between 
cracks and voids it is apparent in Figures 112 and 113, that it can be speculated 
that the presence of voids influences the damage process. Further confirmation on 
this phenomenon is shown in the X-ray CT-scan analysis. 
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Figure 112: Sample 100-66 (failed at 219355 cycles) shows a transverse crack 
emanating from the cracks 
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Figure 113: Sample 100-66 (50X) shows a transverse and a longitudinal crack. 
 
Figures 114 (a-c), show that cracks propagate through the adjacent ply layers. This 
is obvious because the location where the adjacent layers meet is the weakest 
location and this is where the voids are mostly located, as shown in Figure 45(b). 
Referring to the SPRINT
∗ processing diagram, (Figure 30) a cross section of the 
SPRINT
* material can be constructed as in Figure 115. The location of the crack 
is at the area where the adjacent plies meet. 
 
 
 
 
                                                 
∗ SP Systems trademark 
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(a) Samples 70-34 50X (2517 cycles) 
 
 
(b) Sample 70-48 25X (1150136 cycles). Voids are circled in red. 
 
 
(c) Samples 100-67 25X stopped at 362213 cycles (did not fail) 
Figure 114: Laminates that have cracks propagating through voids in the resin rich 
areas propagate towards the edge of the sample. 
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Figure 115: the schematic diagram of the cross section of a SPRINT
∗ material 
 
In the acoustic emission analysis, specimens of the high and low void content 
show different behaviour patterns. The plots of duration against energy for the 
high and low void content specimens can be seen in Figures 116 and 117. The 
same convention as in the static test is used here; where the high energy events 
represent the  emission due to the fibre breakage while the low energy events 
represent the  fibre-matrix debonding and matrix cracking [76] and the excessive 
cracking and rubbing for the high duration events (>400 µs) [63].  
 
 
Figure 116: Duration vs. energy for a high void content specimen 
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Figure 117: Duration vs. energy for a low void content specimen 
 
It can be clearly seen that the low void content specimen has more events than the 
high  void  content  specimen.  This  raises  a  point  that  the  low  void  content 
specimens can last longer when subjected to fatigue loading. The low void content 
specimens also show a higher concentration of events in the low energy duration 
range indicating that the low void content specimen can sustain greater amount of 
microcracking. In contrast, the high void content specimen can sustain fewer high 
energy events. 
 
In conclusion, the acoustic emission tests confirm that the composites with a low 
void content have a longer fatigue life and a higher resistance to the high energy 
events when compared to the composites with a high void content. 
 
To study the delamination crack morphology of the specimens, several samples 
are cut at 1 cm to the left and right of the loading roller, where the delamination is 
located. The ply is opened and the delamination surface is studied using the SEM. 
The failure  morphology  contains some areas  that show  shear damage in  areas 
between  the fibres  (Figure  118).  These  are  probably  hackles  or  lacerations  as 
studied by Morris [129]. Hackles are regions of epoxy matrix between the fibre 
that are separated and lifted up and are parallel to one another. They also tend to Chapter 6 
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slant in the same direction over the entire surface. Morris suggests that hackles are 
formed by the secondary cracks which propagate away from the primary crack at 
an angle approximately 45
o to relieve the tensile stress caused by the bending of 
the specimen. In addition there is a lot of debris due to the rubbing damage of the 
fatigue cycle.  
 
 
(a) 
 
 
(b) 
Figure 118: Shear damage in areas between fibres Chapter 6 
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6.5 Stages of damage 
All the figures previously shown are failure in final stages. To study the role of 
voids in the stages of fatigue damage, a series of fatigue tests are performed where 
the cycles of each test is stopped after a fixed number of cycles. The number of 
cycles is chosen to represent each three-stage of the fatigue damage. 100% and 
70%  vacuum  pressured  specimens  are  used  for  this  study.  The  number  of 
specimens with each final fatigue cycle is shown in Tables 21 and 22.  
 
Table 21: Stopped fatigue test - 100% vacuum pressure 
Specimen no.  Cycles 
100-6.1  1000 
100-5.8  4999 
100-5.6  25001 
 
 
Table 22: Stopped fatigue test - 70% vacuum pressure 
Specimen no.  Cycles 
70-4.3  4999 
70-4.2  10000 
70-4.1  20002 
 
Each of the specimens is cut 2 cm from the loading position. The cross section 
images of the specimens are shown in Figures 119 and 120. For the 100% vacuum 
specimens, the figures show the typical unloaded specimen microstructures. No 
cracks are shown in any of the figures. For the 70% vacuum pressure specimens, 
no cracks are shown in the specimens cycled to 4999 cycles and 10000 cycles. For 
the specimens cycled to 20000 cycles however, a crack is clearly shown in the 
image. The crack propagates longitudinally between the compression surface and 
the tensile surface; and connecting the voids in between. 
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            (a) 100-6.1 1000 cycles       (b) 100-5.8 4999 cycles 
 
 
(c) 100-5.6 25001 cycles 
Figure  119: The microstructure of  the  100% vacuum pressure  specimens with 
increasing fatigue cycles (all with 50X magnification) 
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            (a) 70-4.3 4999 cycles       (b) 70-4.2 10000 cycles 
 
 
(c) 70-4.1 20000 cycles 
Figure  120:  The  microstructure  of  the  70%  vacuum  pressure  specimens  with 
increasing fatigue cycles (all with 50X magnification) 
 
6.6 Void analyses with increasing cycles 
From the discussion on static tests in Chapter 5, there is some evidence that voids 
open up during tests. In this section, the void content analysis is conducted on the 
stopped fatigue test specimens to examine whether similar occurrences can be 
found in the fatigue failure. Chapter 6 
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(a) 
 
 
(b) 
Figure 121: The void content of specimens with different fatigue cycles. (Numbers 
in brackets denote the number of cycles.) 
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From  the  two  graphs  in  Figure  121,  it  can  be  seen  that  there  is  no  direct 
relationship between the void content and the fatigue cycles. In fact, it appears as 
if  the  void  content  is  decreasing  with  the  increase  in  the  cycles,  which  is  a 
phenomenon that is not expected. The crack propagation discussed in the section 
on literature review explains that the damage starts at the early stage of the first 
few initial cycles and then increases with a steady pace and then rapidly increases 
towards the final failure. Thus, the samples used may be at different stages, and it 
cannot be confirmed at just which stage the failure cycle started. When comparing 
with  the  stopped  static  tests  in  Section  5.8,  there  is  a  noticeable  relationship 
between the load and the void content but the void content relationship with the 
stopped fatigue test specimens is not easily defined. This may be due to a longer 
time period involved in the fatigue test as compared to the static test. 
 
6.7  X-ray  tomography  fatigue  failure  in  carbon/epoxy 
composites          
Similar X-ray CT-scans as that of static test samples are made on the fatigue test 
samples.  The  CT-scan  results  produce  a  better  explanation  of  the  void 
involvement  in  the  crack  propagation  as  compared  to  the  optical  microscopy 
samples, where the crack propagation can be compared to the same samples. An 
example of this is shown in Figure 122. The specimen 70-6.3 is fatigue cycled 
until 1 mm deflection is achieved. The unloaded image shows an artefact while 
the loaded image shows cracks that connect to voids. It must be emphasized that 
there is also a void that does not connect to a crack. Chapter 6 
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Figure 122: A comparison between before and after loading for specimen 70-6.3 Chapter 6 
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Other  image  results  are  provided  in  Table  23,  where  a  longitudinal  side  view  is 
shown. Specimens 6.5 and 6.3 are fatigue tested where the deflections of 1 mm and 2 
mm are respectively achieved. There is not much difference in the specimen with a 
deflection of 1mm, which confirms the sudden failure behaviour of the fatigue tests, 
where  the  damage  only  occurs  at  the  end  of  the  cycle  as  reported  in  reviewed 
literature.  For a deflection of 2 mm, there is a crack starting from a void, and a crack 
from under the roller. It can be noted that, for static specimens, cracks under the roller 
appear early, even at the start of the test but this does not happen in the fatigue test. 
 
Table 23: Longitudinal view of before and after loading for the X-ray CT-scan fatigue 
test specimens 
  Before  After 
6.5 fatigue –  
deflection 
1mm 
 
6.3 fatigue –  
deflection  2 
mm 
   
 
Cross sectional views are shown in Figures 123 and 124. Figure 123 shows Specimen 
6.5 where the fatigue test was stopped when the deflection reached 1.0 mm. It can be 
seen that a crack extends from several voids. However there is also a crack that does 
not run through voids. Another specimen tested by the fatigue test is Specimen 6.3 
(Figure 124) where the fatigue test runs until 2.0 mm deflection is achieved. It can be 
seen that, there is a crack from under the roller which is not seen in Specimen 6.5. 
There is also a crack starting from a void. The figure shows that for fatigue failure, 
the crack has to run through the cross section. 
 
 
 
 
A crack starting from 
a void Chapter 6 
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    (a)              (b) 
Figure 123: Specimen 6.5 (a) before and (b) after the fatigue test. 
 
         
    (a)              (b) 
Figure 124: Specimen 6.3 (a) before and (b) after the fatigue test 
 
X-ray tomography images have shown that cracks are seen to connect with voids. 
However there are also cracks that do not go through voids especially voids that are 
located near the surface. This is expected, due to a higher stress located in the middle 
of the specimen. Although voids are not the major influence in crack propagation, X-
ray images have confirmed that voids can create weak areas in a laminate which 
results in delamination. 
 
6.8  Effects  of  voids  on  the  three-point  bending  fatigue 
strength 
The effect of void content on the three-point bending fatigue strength is shown in 
Figure 125. There is a general trend of increasing fatigue strength with decreasing 
void content. The graph shows the random nature of fatigue test of composites where 
the same type of specimens can have a range of failure cycles. Compounding with the 
undetermined nature of void content calculation using image analysis, the graph has 
produced very random results. 
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Figure 125: Failure cycles vs. the void content using the 90%  maximum stress. 
 
No difference can be detected between the role of voids in static and fatigue failure 
mechanisms. Voids have been shown to affect more on fatigue strength than static 
strength degradation. Studying void involvement in fatigue damage stages proves to 
be more difficult as compared to studying static damage stages due to the longer time 
period needed in running fatigue tests. 
 
6.9 Conclusions 
1.  The role of voids in the fatigue behaviour of composite specimens is studied 
by comparing the fatigue sensitivity of the specimens. Comparing laminates 
with  different  vacuum  pressures  show  that  the  100%  vacuum  pressure 
specimens  have  the  minimum  fatigue  sensitivity  while  the  70%  vacuum 
pressure specimens have the maximum fatigue sensitivity. 
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2.  The  SN  curves  of  the  three-point  bending  test show  a  three-stage  damage 
development with the initial increase in deflection, followed by the second 
stage  where  the  deflection  does  not  increase  and  at  the  final  stage,  the 
deflection increases rapidly towards failure. This reaction suggests that the 
fatigue  failure  of  composites  is  a  continuous  and  unobserved  process  of 
degradation  and  also  explains  why  optical  microscope  images  of  voids 
connecting to cracks are hard to capture. 
 
3.  The  three-point  bending  fatigue  of  a  four  ply  unidirectional  composite 
produces failure from a crack initiating from the compressive surface. The 
crack extends through the first ply of the specimen and initiates delamination 
which is the final phase failure. 
 
4.  Acoustic emission analyses have shown that low void content specimens can 
withstand a higher amount of microcracking compared to high void content 
specimens. 
 
5.  Correlating  void  content  with  fatigue  cycles  produces  a  general  trend  of 
increasing  fatigue  strength  with  decreasing  void  content.  The  fatigue  tests 
have shown the random nature of the composite fatigue tests. Chapter 7 
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CHAPTER 7 
 
DISCUSSION 
 
 
 
 
7.1 Static failure and the role of voids 
 
The  results  showed  that  the  static  flexural  strength  reduced  by  12.7  %  for  a  2% 
increase in the void content. As previously considered, this is consistent with the 
findings  of  Liu  et  al  [137]  who  also  reported  similar  reductions  in  both  the 
interlaminar  and  compressive  properties.      In  this  research,  the  influence  of  void 
content on the scatter in the flexural strength results was also considered and it was 
found that the flexural strength reduced with reducing panel quality. This suggests 
other void characteristics such as shape, size and distribution may be influencing the 
results. 
 
Void  size  and  distribution  were  also  considered  in  order  to  determine  the  void 
characteristics which most affected the flexural strength and whether the changes in 
flexural strength due to voids can adequately be described by a simple factor such as 
average void content. It was found that irrespective of void content, the aspect ratio 
and void distribution remained constant.  Hence, at least for this research, it can be 
inferred that it is reasonable to relate the flexural strength changes due to voids to the 
average void content.  
 
The evidence provided by the optical microscopic analysis and micro CT scan has 
demonstrated that the static 3 point bend failure mechanism involves 2 stages. 
 
•  The formation of a compression crack beneath the roller Chapter 7 
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•  Interlaminar cracks and final delamination resulting from the growth of the 
compression crack. 
 
Clearly, voids have the potential to influence both of these stages.  From the load 
deflection curves of the tests in which the load was removed at varying percentages of 
the anticipated failure load, it was concluded that the compression crack initiated and 
developed rapidly in the latter stages of loading through a propagation mechanism 
which,  depending  on the  void  content,  may  involve  void  coalescence  (Chapter  5; 
Section 5.9). This is consistent with the results from the AE tests which did not reveal 
any major events at loads significantly below that of the maximum failure load. The 
AE demonstrated differences between the low and high void samples in that the low 
void samples had a much smaller number of low energy events but a greater number 
of high energy events. This suggests differences in the failure mechanisms and on this 
basis  it  is  suggested  that  the  low  energy  events  are  associated  with  matrix  crack 
propagation whereas the high energy events are more associated with fibre fracture 
fracture and delaminations. This argument is consistent with the evidence supplied by 
the optical microscopy. It should be noted that the filtering of the AE response to 
remove background testing noise may have taken out low level AE responses from 
the  early  damage  mechanisms  such  as  microcracking  which  was  observed  using 
optical microscopy 
 
There are a number of factors which can affect both the formation of a compression 
crack and the initiation and the propagation of delaminations. These include fibre 
alignment and voids.  Fibre alignment was not a focus of this research and every 
effort was made in panel manufacture to avoid the introduction of misalignments. 
Thus for the purpose of this discussion it is assumed that fibre alignment was not a 
variable. 
 
The kinking and resultant compression damage weakened the section, redistributed 
the stresses and contributed to the formation of the final delamination. The presence 
of voids which reduce the support of the fibres at a microscopic level can clearly 
contribute to this process. However, this compression damage/crack is local to the Chapter 7 
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roller and for voids to affect this stage they need to be located in this region. Neither 
optical microscopic analysis nor micro CT scan provided evidence to suggest that this 
was the case.   Hence it is hypothesised that voids do not directly affect the failure 
through stage 1 compression damage. 
 
To test this hypothesis 4 point bend tests were conducted on samples from the same 
panels. It was felt that if compression damage was the dominant feature of the failure 
process it may mask any void effect. The comparison between 3 and 4 point bend 
showed that the failure stress was affected by the loading condition and this can be 
attributed to the compression damage under 3 point flexure.  However, the sensitivity 
to voids was no less with 4 point bend than with 3 point bending. This leads us to 
deduce  that  the  void  effect  is  not  the  result  of  its  effect  on  the  initiation  and 
propagation  of  a  compression  crack  but  through  its  effect  on  the  initiation  and 
propagation of delaminations. 
 
The microscopic analysis has provided evidence to support this hypothesis in that it 
was shown that voids act as an easy crack path and contributed to matrix cracking and 
fibre/matrix debonding. It was found consistently, that the major voids were located 
in the resin rich regions between the plies and where the delaminations occurred. This 
highlights a problem with the void analysis in this research in that it failed to take into 
account the importance of void location. Future work should address this and try to 
take into account the location and distribution of voids.  
 
The  micro  CT  also  proved  useful  in  determining  the  role  of  voids  in  the  failure 
process. It was found that cracks could initiate at voids and propagate through them 
and confirmed the findings of the optical microscopy. This was not always the case 
and depended on the void location. The CT work was limited by the resolution of the 
equipment and therefore the above comments apply to large voids only. It is not 
possible to make further deductions from this work for this reason.  
 
AE also revealed differences in the failure processes of low and high void content 
specimens. With the low void content specimens the number of low energy events Chapter 7 
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was lower than with the high void samples.  AE is a useful tool in research such as 
this because it can give information on the damage mechanism which cannot be given 
by other techniques. Hence it could prove to be an effective method for identifying 
the  difference  between  high  and  low  quality  panels  even  if  it  is  not  possible  to 
quantify the damage or determine the damage mechanisms with certainty. However, 
it  is a  technique  which must  be  used  with care,  because  the  interpretation  of  the 
outputs is extremely difficult and influenced by factors such as roller rubbing. This 
may well mask damage mechanisms such as matrix cracking which are expected to 
dominate at low impact energies. 
 
The  different  techniques  used  to  investigate  the  failure  mechanism  all  provided 
evidence which contributed to further the understanding of the failure mechanism. 
Each  technique  had  its  own  advantages  and  disadvantages  and  provided  different 
information. When used together much more information and understanding can be 
gained than when using each technique individually. 
 
7.2 Dynamic failure mechanism and the effect of voids 
 
From an analysis of the load deflection curves, the fatigue process involved 3 stages. 
The  first  stage,  which  occurred  early  in  fatigue  life,  involved  an  increase  in 
deflection. The second stage which existed for the majority of the life comprised of a 
plateau region or region of slow steady state increase in deflection followed finally by 
stage 3 which was rapid catastrophic failure. The results also showed that, despite 
significant scatter, there was a general trend of reducing fatigue life with increasing 
the void content.  
 
Even with homogenous materials, results scatter is a problem in fatigue testing. With 
inhomogenous materials such as unidirectional CFRP, the problem is magnified and 
this makes it very difficult to confidently isolate void effects without resorting to 
extensive testing programmes. 
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Microscopic  analysis,  AE  and  CT  again  proved  very  useful  in  obtaining  an 
understanding of the damage mechanisms. None of the techniques revealed evidence 
of any major damage during stage 1. Hence it can be deduced that stage 1 damage is 
based on fine matrix cracking and its effect on the compliance of the material. If a 
more detailed AE study had been performed, it might have been possible to detect 
this  damage  by  separating  the  damage  signal  from  the  general  noise  level  as 
mentioned above. However, due to the breadth of this research and time constraints 
this was not possible in this work. This is a recommendation for future work.  
 
In the latter stages, a compression crack developed by a mechanism based on kinking. 
This was identified by optical microscopy and CT scan but not with certainty by AE. 
The  difference  between  the  fatigue  compression  crack and  the  static compression 
crack was the loads under which the crack initiated and developed. This demonstrated 
the influence of a fatigue micro- mechanism probably based on matrix microcracking 
and the fatigue of individual fibres.  
 
With  regard  to  the  role  of  voids,  in  common  with  the  static  flexural  results,  no 
evidence  was  found  to  link  the  formation  of  the  compression  crack  to  any  void 
characteristic. It was interesting to observe, both by microscopy and CT scan, that 
under fatigue loading, cracks could initiate at different ply locations. This leads us to 
conclude that the ply boundary can act as both a through crack stopper and crack 
initiator. Thus a major failure at the first ply boundary required fatigue initiation at 
the  second  ply  before  growth  could  continue.  In  reality  this  probably  has  little 
practical  significance  since  stage  3  damage  during  which  includes  the  inter  ply 
delaminations occur, represents only about 10% of the fatigue life.   
 
Based on the optical microscopy and image analysis and x-ray tomography results, 
the role of voids can be seen to be similar in fatigue and static tests. In both cases 
voids can act as crack initiators and influence the propagation path. A difference 
between the static and fatigue work was that under the latter stages of static loading 
significant void coalescence was observed in high voided samples but not in fatigue. 
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7.3 Summary – the role of voids 
 
In summary, the research has demonstrated that voids do adversely affect the static 
and dynamic flexural properties of unidirectional CFRP and that for the same material 
produced by the same processing route, void content provides an adequate measure of 
the  void  effect.  However  obtaining  an  accurate  measurement  of  void  content  is 
difficult because small voids can only be taken into account by image analysis of 
sections produced by destructive sectioning, metallographic preparation and optical 
microscopy. Hence it is not possible to get an accurate value in the region of failure 
where,  due  to  the  inhomogeneity  of  the  material,  the  void  content  could  be 
significantly  different  from  that  of  the  bulk.  Micro  CT  does  not  suffer  these 
difficulties but the bench top equipment currently commercially available is limited 
by relatively poor  resolution which limits the void size which can be detected in 
samples  which  are  subsequently  going  to  be  retested.  Nonetheless,  it  is  a  very 
important tool because it allows progressive damage to be monitored.  
 
The research has demonstrated that the location of the voids is important. Most are 
found between the plies in resin rich regions and it is hypothesised that it is their 
effect on delamination initiation which explains their influence on the flexural failure 
processes. Hence to study void effects a better correlation might be obtained if the 
void analyses are based on these regions. If this is attempted,  such analyses should 
not be based on voids but on the concept of ‘defects’ which take into account  the 
void and its characteristics and the local resin rich area in which the void is found. Chapter 8 
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CHAPTER 8 
 
CONCLUSION 
 
 
 
8.1 Conclusions 
The  motivation  behind  this  study  is  to  seek  a  better  understanding  of  fatigue 
behaviour of CFRP particularly and the effect of voids on CFRP composite failure. 
The need for improved understanding of the effects of voids on mechanical properties 
is highlighted in Chapter 2. 
 
The study uses image analysis, X-ray tomography and  acoustic emission analysis in 
determining the role of voids on the failure of composites. The image analysis has 
been proven to be the most accurate method for determining void content. In Chapter 
4, microscopy image analysis is used in void analysis to determine the void content 
and void characteristics of each laminate used in this study. X-ray micro-CT has been 
shown to produce a good resolution image of voids. It is concluded that most of the 
voids in this study are small with sizes between 1 µm
2 to 9 µm
2, are spherical in 
shape and are located in the resin rich areas. 
 
The  effect  of  voids  on  the flexural failure  of  CFRP  is  investigated  in Chapter  5. 
Results from Chapter 4 highlight the average characteristics of the voids in laminates 
and concludes that the void content may be the determining factor that controls the 
mechanical properties of composites. The study carried out in Chapter 5 shows that 
an increase of 2% of voids, results in a decrease of 12.7% of the flexural strength. 
The use of the acoustic emission enables a deeper understanding of the different types 
of failure between the low and high void content specimens. The acoustic emission 
results show that fibre breakage is the main type of failure. For high void content Chapter 8 
182 
 
specimens, the initial breaking of fibre is at a low load and it needs several more fibre 
failures  for  a  major  failure  to  occur.  For  the  low  void  content  specimens,  the 
composite can withstand a high load but the failure is catastrophic where it involves 
one single major fibre breakage for the composite to reach the final failure. X-ray 
tomography has shown that cracks connect to voids and there are also cracks that do 
not go through voids or resin rich areas. 
 
Chapter 6 discusses the fatigue behaviour of composites due to the occurrence of 
voids. Results from Chapter 5 produce an average failure load for each laminate to be 
used in the fatigue test. Using the fatigue sensitivity curves, the low void content 
specimens display lower fatigue sensitivity as compared to the specimens with a high 
void content. The acoustic emission study shows that the high void content specimen 
failure involves more microcracking then a specimen with a low void content. This is 
comparable with the static failure of a specimen in the high void content laminate, 
where several fibre breakages occur in the early stages before the final failure takes 
place. Correlating void contents with the number of failure cycles produces a general 
trend  of  increased  fatigue  strength  with  a  decrease  in  the  void  content,  which  is 
expected, due to the random nature of the fatigue test. However, by using the acoustic 
emission, it can be confirmed that a major failure can occur due to fibre breakage. In 
addition, the acoustic emission results also show that the failure behaviour of low and 
high void content specimens is significantly different. 
 
8.2 Further Work 
It  is  recommended  that  further  work  in  the  field  of  void  analysis  of  polymer 
composites would have to be more accurate void images and more in-situ failure 
analysis. In this aspect, the optical microscope image analysis is limited. Therefore, 
future  work  should  be  concentrated  on  using    X-ray  tomography  and  acoustic 
emission. 
 
 X-ray tomography has been applied on the assessment of the fatigue failure in the 
carbon epoxy composites. There has been some limitation on the work that has been Chapter 8 
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done due to the low resolution of the X-ray images. It is recommended for future 
studies, that a high resolution microtomography using synchrotron radiation is used to 
get a higher resolution image.  
 
The X-ray tomography has also successfully shown the fatigue damage evolution by 
comparing  before  and  after  loading  images.  For  a  full  characterization  of  fatigue 
damage evolution,  it  is recommended  scanning  more  samples  that contain  known 
void locations at various stages of damage and under different loading conditions. In 
particular,  more  crack  initiation  images  are  required  to  confirm  the  connection 
between the presence of voids and fibre breakage during the fatigue damage. 
 
Significant differences were displayed in the acoustic emission results of the low and 
high  void content in the carbon epoxy composites. Further investigation could be 
carried out to clarify whether the results observed in the tests are consistent with other 
polymer composite systems and the information therefore would be useful. 
 
Although the location of failure is not important in this study as the location of failure 
for three point bending is always under the loading, the combination of the X-ray 
tomography and the acoustic emission may provide interesting results if the location 
of failure is known. Using two or more sensors in  acoustic emission can determine 
the precise location of the fibre breakage. The relationship between the location of the 
fibre breakage from the acoustic emission results and the location of voids from the 
X-ray tomography could determine whether the failure initiates from voids or due to 
some other factor. 
 
The modelling of voids can be explored in several aspects. One of it is by developing 
a  model  to  predict  the  stress  where  the  crack  would  be  expected  to  propagate. 
Another aspect to compare is the model result of the shape of a crack, and the defect 
shape whether it is circular or elliptical shape. This could determine the effect of the 
void shape on the mechanical properties. 
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APPENDIX A 
 
 
 
 
Table A1: Void content of selected flexural static specimens 
 
 
 
 
 
 
 
 
 
 
 
Sample I. D.  Average void content (%)  Maximum flexural stress (N/m
2) 
100-1.4  1.84  911.4 
100-6.2  1.24  1047.9 
90-1.2  2.13  1104.3 
90-4.4  2.90  985.46 
80-1.2  2.26  1179.8 
80-5.2  2.64  767.2 
70-1.1  1.88  958.4 
70-1.2  3.00  940.6 
70-1.5  1.67  961.6 
70-3.4  3.27  1043.2 
70-6.2  3.59  835.82  
200 
 
 
Table A2: Void content of selected flexural fatigue specimens 
Sample I. D.  Average void 
content (%) 
Fatigue stress (%)  Failure cycles 
100-3.2  1.66  80  1391633 
100-3.3  1.91  90  681 
100-5.1  1.51  90  43020 
90-2.3  3.06  90  106 
90-3.4  1.95  80  620000 
80-3.3  3.47  95  5 
80-3.5  2.48  90  113331 
70-3.3  4.34  95  5 
70-4.5  2.83  80  18 
70-5.3  2.54  90  18 
 
 
Table A3: Percentage of aspect ratio groups for 8266 specimens 
Sample  AR < 1 
1 =< AR 
< 2 
2 =< AR 
< 4  AR => 4 
1  0.14  77.93  21.09  0.85 
2  0.18  77.97  21.47  0.38 
3  0.28  76.20  23.15  0.37 
4  0.57  76.35  22.80  0.28 
5  0.33  76.48  22.86  0.33 
6  0.40  78.47  20.90  0.23 
Average  0.31  77.23  22.05  0.41 
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Table A4: Percentage of aspect ratio groups for 8267 specimens 
Sample  AR < 1 
1 <= AR 
< 2 
2 <= AR 
< 4  AR >= 4 
1  0.08  78.90  20.77  0.24 
2  0.32  79.09  19.63  0.95 
3  0.12  79.26  20.45  0.18 
4  0.16  80.33  19.08  0.43 
5  0.31  76.54  22.72  0.43 
6  0.40  76.54  22.63  0.43 
Average  0.23  78.44  20.88  0.44 
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Figure A1(b) 
 
 
Figure A1(c) 
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Figure A1 (d) 
 
 
Figure A1 (e) 
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Figure A1 (f) 
Figure  A1  (a)-(f):  Voids  area  vs.  voids aspect ratio  distribution  in  100%  vacuum 
pressured specimens. 
 
 
Figure A2 (a) 
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Figure A2 (b) 
 
 
Figure A2 (c) 
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Figure A2 (d) 
 
 
Figure A2 (e) 
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Figure A2 (f) 
Figure A2 (a)-(f): Voids area vs. voids aspect ratio distribution in 70% vacuum 
pressured specimens 
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Table A5: COV measurements from TAP analysis of SPRINT
∗ and prepreg samples 
100% vacuum 
pressure 
70% vacuum 
pressure 
8266  8267 
 Sample  COV  Sample  COV 
 
Sample  COV  Sample  COV 
37ii  0.49  21ii  0.51  2v  0.50  4iii  0.51 
11i  0.59  12v  0.52  3iii  0.50  1i  0.53 
21i  0.60  37iii  0.54  1i  0.52  2iv  0.54 
37iv  0.60  28ii  0.54  5iii  0.54  1ii  0.58 
21iii  0.61  12iv  0.57  4ii  0.58  5i  0.59 
21v  0.62  28i  0.57  3ii  0.59  6iv  0.59 
12v  0.62  28iii  0.58  3v  0.60  2v  0.60 
21ii  0.63  37i  0.58  4iii  0.60  2iii  0.62 
51iv  0.67  15i  0.59  4iv  0.60  6v  0.64 
37iii  0.68  37ii  0.60  2iii  0.60  1iv  0.64 
11iii  0.71  11i  0.60  2i  0.61  1iii  0.68 
11ii  0.71  28v  0.62  3iv  0.62  4v  0.69 
51v  0.73  21i  0.64  1ii  0.63  3iii  0.69 
37v  0.75  37iv  0.64  2iv  0.65  1v  0.70 
11iv  0.75  11iv  0.65  1v  0.66  3iv  0.71 
21iv  0.78  11iii  0.65  2ii  0.67  4ii  0.71 
51ii  0.81  21iv  0.65  6iv  0.67  5iii  0.71 
11v  0.88  11v  0.65  4v  0.68  6iii  0.72 
12iii  0.93  15ii  0.67  3i  0.69  5ii  0.72 
12i  0.93  21v  0.68  6ii  0.69  2ii  0.72 
41v  0.99  15iii  0.69  6iii  0.70  6i  0.73 
12ii  1.00  11ii  0.70  4i  0.70  5v  0.75 
41iv  1.02  21iii  0.73  6v  0.70  6ii  0.76 
51iii  1.02  12ii  0.75  5iv  0.71  2i  0.77 
41iii  1.06  12i  0.76  5i  0.71  4i  0.77 
37i  1.09  15v  0.81  1iii  0.71  3ii  0.86 
12iv  1.10  28iv  0.81  5v  0.72  3i  0.87 
41ii  1.26  12iii  0.83  1iv  0.73  3v  0.89 
41i  1.29  37v  0.88  6i  0.75  5iv  0.94 
51i  1.52  15iv  1.11  5ii  0.79  4iv  0.98 
                                                 
∗ SP Systems trademark  
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Table A6: Ultimate flexural stress for each specimen. 
70% vacuum 
pressure 
80% vacuum 
pressure 
90% 
vacuum 
pressure 
 
100% vacuum 
pressure 
Specimen 
I. D. 
Ultimate  
flexural  
stress 
(N/mm
2) 
Specimen 
I. D. 
Ultimate  
flexural  
stress 
(N/mm
2) 
Specimen 
I. D. 
Ultimate  
flexural  
stress 
(N/mm
2) 
Specimen 
I. D. 
Ultimate  
flexural  
stress 
(N/mm
2) 
1.2  1002.6  1.2  1180.0  1.2  1104.3  1.2  973.6 
1.4  994.3  1.4  995.8  1.4  1048.7  1.4  911.4 
2.2  925.8  2.2  904.8  2.2  1048.9  2.2  984.3 
3.2  962.1  2.4  1004.4  2.4  1035.1  2.4  1077.6 
3.4  1043.1  3.2  992.0  3.2  1052.3  3.2  1060.8 
4.2  870.5  4.2  1038.0  4.2  1047.3  4.2  950.2 
4.4  906.1  4.4  948.2  4.4  985.5  4.4  969.7 
5.2  874.1  5.2  767.2  5.2  1029.5  5.2  919.4 
6.2  835.8  5.4  948.9  5.4  1028.3  5.4  1027.2 
6.4  849.3  6.2  962.3  6.2  1069.5  6.2  1048.0 
    6.4  869.7        6.4  957.9 
average  926.4    964.6    1044.9    989.1 
std dev  71.29    103.51    30.49    56.49 
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Table A7(a-d): Fatigue test results for 100%, 90%, 80% and 70% vacuum pressure 
specimens 
(a) 100% vacuum pressure 
Specimen 
Maximum load % 
 (Smax/Sult) 
Fatigue cycle 
5.1  90  43020 
5.2  90  473 
5.3  90  11550 
5.4  90  74120 
5.5  90  1561 
6.3  90  10293 
6.4  90  594 
6.5  90  582 
6.7  90  362213 
6.8  90  448212 
7.1  90  703 
7.2  90  1732 
7.3  90  26412 
7.4  80  56587 
7.5  90  70165 
7.6  80  965515 
7.7  80  1405780 
 
(b) 90% vacuum pressure 
Specimen 
Maximum load % 
 (Smax/Sult) 
Fatigue 
cycle 
1.1  90  105 
1.2  90  2688 
1.3  90  5070 
1.4  80  17393 
1.5  90  47121 
1.6  80  64984 
1.7  90  87451 
1.8  80  624042 
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(c) 80% vacuum pressure 
Specimen 
Maximum load 
% 
 (Smax/Sult) 
Fatigue 
cycle 
1.1  95  161 
1.2  95  314 
1.3  95  427 
1.4  90  832 
1.5  90  2599 
1.6  90  4032 
1.7  90  18020 
1.8  90  113333 
 
(d) 70% vacuum pressure 
Specimen 
Maximum load % 
 (Smax/Sult) 
Fatigue 
cycle 
3.4  90  2517 
3.5  90  67030 
3.6  90  9559 
3.8  90  19527 
4.5  90  31404 
4.6  90  46701 
4.7  90  216580 
4.8  90  10690 
5.2  90  2347 
5.3  90  2265 
6.7  95  108 
6.8  90  133 
7.1  95  219 
7.2  80  1081 
7.3  90  1649 
7.4  95  2610 
7.5  95  5287 
7.6  90  9179 
7.7  70  4008280 
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APPENDIX B 
 
 
 
 
This appendix contains the side view images of several specimens used in this study. 
The images are shown after the table that shows the details of the specimen. 
 
Table B1: Details of specimens in side view images 
Sample No.  Experiment  Detail 
70-3.1  Fatigue three-point 
bending 
Maximum deflection 
0.9 mm, 1897 cycles 
70-3.2  Fatigue three-point 
bending 
Maximum deflection 
1.0 mm, 1933 cycles 
70-3.3  Fatigue three-point 
bending 
Maximum deflection 
1.5 mm, 11737 cycles 
70-3.8  Fatigue three-point 
bending until failure 
19527 cycles 
70-4.2  Stopped fatigue three-point 
bending 
10000 cycles 
70-4.3  Stopped fatigue three-point 
bending 
4999 cycles 
70-4.4  Stopped fatigue three-point 
bending 
1000 cycles 
70-5.1  Fatigue three-point 
bending 
Failed at first cycle 
70-5.4  Static three-point bending   
70-5.5  Static three-point bending   
70-5.6  Static three-point bending   
70-5.7  Static three-point bending   
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(Table B1 continued) 
100-4.2  Fatigue three-point 
bending until failure 
Maximum load is 80% 
of maximum static load. 
Failed at first cycle 
100-4.7  Fatigue three-point 
bending until failure 
Maximum deflection 
0.3 mm. 368818 cycles 
100-5.2  Fatigue  three-point 
bending until failure 
473 cycles 
100-5.7  Stopped fatigue three-point 
bending 
15000 cycles 
100-5.8  Stopped fatigue three-point 
bending 
4999 cycles 
100-6.1  Stopped fatigue three-point 
bending 
1000 cycles 
100-6.2  Fatigue  three-point 
bending 
Failed at first cycle 
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Figure B1 (a): 70-3.1 
 
Figure B1 (b): 70-3.2 
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Figure B1 (c): 70-3.3 
 
 
Figure B1 (d): 70-3.8 
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Figure B1 (e): 70-4.2 
 
 
Figure B1 (f): 70-4.3  
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Figure B1 (g): 70-4.4 
 
 
Figure B1 (h): 70-5.1 
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Figure B1 (i): 70-5.4 
 
 
Figure B1 (j): 70-5.5  
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Figure B1 (k): 70-5.6 
 
 
Figure B1 (l): 70-5.7  
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Figure B1 (m): 100-4.2 
 
 
Figure B1 (n): 100-4.7  
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Figure B1 (o): 100-5.2 
 
 
Figure B1 (p): 100-5.7  
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Figure B1 (q): 100-5.8 
 
 
Figure B1 (r): 100-6.1  
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Figure B1 (s): 100-6.2 
Figure B1(a-s): Image side views of specimens 